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which is directly stimulated by reflected light from objects in the world 
around	 us.	 Light	 enters	 the	 eye	 passing	 the	 cornea	 and	 the	 pupil,	 the	
small	opening	of	the	iris,	and	is	refracted	by	the	lens	to	continue	through	




plifying	 and	 transmitting	 visual	 signals.	 Biochemical	 processes	 in	 the	






















ganglion cells to be the first to exit the cell cycle and start to differentiate. 
Then	amacrine	neurons,	horizontal	cells	and	cone	photoreceptors	start	








any	 light	 not	 captured	 by	 the	 retina	 that	 could	 disrupt	 a	 sharp	 visual	




















taining the cell bodies of these neurons; 8. the optic fiber layer, composed 
of	the	axons	of	ganglion	cells	and	9.	the	inner	limiting	membrane,	formed	
by	the	projections	of	the	Müller	glial	cells	(Fig.	4).
2.1 Sensory neurons and the phototransduction cascade
Two	types	of	photoreceptors,	rods	and	cones,	are	involved	in	acquiring	









































2.2 Interneurons and projecting neurons
Visual	 information	is	transferred	from	photoreceptors	to	the	ganglions	
cells	via	three	classes	of	interneurons:	bipolar,	horizontal	and	amacrine	
cells.	These	 interneurons	 do	not	 simply	 transmit	 signals,	 but	 combine	
the	signals	from	several	photoreceptors	in	such	a	way	that	the	electrical	











ment of the circadian rhythm and pupil light reflexes 10,11.
2.3 Müller glial cells
Müller	glial	cells	are	specialized	radial	glial	cells,	which	span	the	entire	
retina	and	contact	all	retinal	neuronal	cell	bodies	and	processes	as	well	
as	 blood	 vessels.	They	 are	 responsible	 for	maintaining	 homeostasis	 of	






















can act as optical fibers and transfer light with low scattering from the 
retinal	surface	to	the	photoreceptor	cell	layer	18.




genes	 can	 affect	 different	molecular	 pathways	 in	 the	 retina,	 expressed	
by	degeneration	at	multiple	 levels.	Mutations	can	affect	components	of	
the	phototransduction	pathway	(e.g.	rhodopsin,	arrestin	and	PDE6),	the	








	 The	 work	 described	 in	 this	 thesis	 focuses	 on	 the	 mammalian	





first been identified in individuals with retinitis pigmentosa (RP) type 12 
22-24.	Through	a	novel	suppression	subtractive	hybridization	method,	can-
didate genes that are specifically or preferentially expressed in the human 
retina	were	isolated.	CRB1	was	found	to	map	to	chromosome	1q31-q32.1,	
the	region	involved	in	this	severe	form	of	autosomal	recessive	RP	with	










 In RP, rod photoreceptors are first affected leading to a dimin-
ished	dark-adapted	or	 scotopic	 electroretinogram	 (ERG)	 response	 and	
eventually	night	blindness.	This	is	followed	by	progressive	death	of	cone	
photoreceptors	 (detected	by	a	diminished	 light-adapted	ERG),	 restrict-












(reviewed	 in	 reference	 43).	RP	patients	 carrying	 a	 heterozygous	muta-
tions in the ROM1 gene and in the RDS gene were the first example of 
digenic–diallelic	genetics	in	human	disease	44.	Digenic–triallelic	inheri-




examples	 in	which	 autosomal	 recessive	 RP	 is	 presented	 together	with	
Chapter 1
20
additional clinical findings, are Usher syndrome (sensorineural hearing 
loss),	 Senior-Løken	 syndrome	 (kidney	 defects,	 nephronophthisis),	 Jou-
bert	syndrome	(primarily	neurological	 features,	 including	psychomotor	
delay,	hypotonia,	ataxia	and	in	some	cases	nephronophthisis)	and	Refsum	
disease	 (heart	 failure	 and	brain	defects)	 (OMIM	http://www.ncbi.nlm.
nih.gov/entrez)	43,4.	



















GRIP1)	were	 found	 in	 LCA	 patients	 48-0.	 Very	 recently,	 it	 was	 found	
that	RPGRIP1L	(KIAA100),	a	homologue	of	RPGRIP1	interacts	with	
nephrocysin-4	 (Senior-Løken	 syndrome).	The	 corresponding	 gene	was	
mutated	in	Meckel	syndrome	and	Joubert	syndrome	type	B	1,2.	In	Ush-
er	syndrome,	the	most	common	form	of	deaf-blindness,	eight	causative	





retinal	 cDNA	 libraries.	These	 cDNA	 libraries	 contain	 clones	of	many	












ing	 both	 bait	 and	 prey	 can	 be	 obtained	 compared	 to	 the	 classical	 co-
transformation	method.	When	bait	and	library	fusion	proteins	interact,	
the	DNA-BD	and	AD	are	brought	into	close	proximity,	thus	recruiting	









between	 two	proteins,	 several	 complimentary	 techniques	must	be	per-
formed to determine if the binding is specific. Bacterially expressed fu-
sion	 proteins	 in	GST-pull	 down	 assays	 or	 immunoprecipitations	 from	
cultured	cells	can	be	used	to	obtain	this	information.	Even	more	impor-







































(HUGO)	 Gene	 Nomenclature	 Committee,	 although	 sometimes	 their	







































































































































the genetic heterogeneity, refinement of 
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MPP5 recruits MPP4 to the CRB1 protein complex in photoreceptors
ABSTRACT












cal	microscopy	on	human	 retinas	 and	 immunoelectron	microscopy	on	
mouse	retinas.
Results.	 A	 novel	member	 of	 the	 scaffold	 connected	 to	 CRB1,	 called	
membrane	 palmitoylated	 protein	 (MPP)	 subfamily	member	 4	 (MPP4),	
a	membrane-associated	guanylate	kinase	(MAGUK)	protein,	was	identi-
fied. MPP4 was found to exist in a complex with CRB1 through direct 





Conclusion.	These	data	 imply	 that	MPP4	and	 -	have	a	 role	 in	photo-














Several	 members	 of	 the	 membrane	 associated	 guanylate	 kinase	 (MA-
GUK)	protein	family	are	involved	in	cell	polarity	through	their	role	in	
large	multiprotein	complexes	at	tight	junctions	3,4.	This	protein	family	is	











	 The	 MAGUK	 protein	 Stardust	 is	 the	Drosophila	 homologue	 of	
MPP,	 one	 of	 the	 seven	mammalian	membrane	 palmitoylated	 protein	
(MPP)	 subfamily	members.	 Stardust	mutants	 exhibit	 severe	disruption	
in	apicobasal	polarity	of	embryonic	epithelia	13.	In	addition,	mutants	of	









tion was recently also identified for their mammalian homologues MPP5 
and	CRB110	as	well	as	for	MPP	and	CRB3	23.	Stardust	and	Crumbs	are	
31




junctions	 (DPATJ)	 (DPATJ;	 formerly	known	as	Discs	 lost).	This	cyto-
plasmic	multi-PDZ	domain	protein	interacts	indirectly,	via	Stardust,	with	
the	cytoplasmic	tail	of	Crumbs.	These	three	proteins	colocalize	in	Dro-






the	same	conserved	protein	motifs	2. Mutations have been identified in 
the	CRB1 gene	 in	 individuals	with	Leber	congenital	amaurosis	 (LCA);	














or	mouse	B6D2	 retinal	 cDNA	 synthesized	with	 the	Marathon	 cDNA	
amplification Kit (Marathon; BD-Clontech), was used to amplify the full-
length	cDNAs	for	human	CRB1,	MPP5, MPP4, and	mouse	Mpp4	with	a	
cDNA	PCR	Kit	(Advantage;	Clontech).	For	human	CRB1	the	following	
primers	 were	 used:	 ’-	 GGGATCCAAATACCACCATGGCACTTA-
AGAACATTAACTAC-3’	(sense)	and	’-GATCCTCGAGTCCTAAAT-
CAGTCTCTCCATTGCAGG-3’	 (antisense).	 Italic	 sequences	 denote	
start	and	stop	codons	of	 the	gene.	Two	consecutive	Myc	tags	were	 in-




















The	 following	 constructs	 were	 made	 by	 PCR	 using	 a	 cloning	 system	
(Gateway;	 Invitrogen,	 Groningen,	 the	 Netherlands),	 according	 to	 the	
manufacturer’s	 procedures,	 using	 full-length	 constructs	 as	 a	 template:	
the	intracellular	domains	of	bovine	CRB1	(bCRB1intra)	and	human	CRB1	
(hCRB1intra);	 full	 length	human	MPP	(MPPFL);	 the	SH3	and	HOOK	
domain	of	human	MPP	(MPPSH3+HK);	the	C-terminus	of	human	MPP	
from	 the	 HOOK	 domain	 (MPPHK-end);	 the	 PDZ	 domain	 of	 human	
MPP	 (MPPPDZ);	 the	 coiled-coil	 domain	 of	 human	MPP	 (MPPCC);	
the	GUK	domain	of	human	MPP	(MPPGuK);	full	length	human	MPP4	
(MPP4FL);	the	PDZ	domain	of	human	MPP4	(MPP4PDZ);	the	C-terminus	
of	MPP4	containing	 the	E-domain	 and	GUK	domain,	 (MPP4Edom-end);	
the	C-terminus	of	MPP4	(MPP436-637);	the	SH3	and	HOOK	domain	of	
human	MPP4	(MPP4SH3+HK);	the	C-terminus	of	MPP4	from	the	SH3	do-
main	(MPP4SH3-end). Gene-specific primers that were used to make these 
constructs	are	listed	in	Table	1.	The	attB1	and	attB2	linkers	were	attached	
to	the	’	end	of,	respectively,	sense	and	antisense	primers.	
The	 commercially	 adapted	 destination	 vectors	 pBD-GAL4/DEST	
and	 pAD-GAL4/DEST	 (Gateway;	 Invitrogen)	 were	 created	 by	 in-
sertion	of	 the	blunt-ended	 reading	 frame	 (Rf)	 cassette	B	 into,	 respec-
tively,	 the	 EcoRI	 and	 SalI	 sites	 of	 pBD-GAL4-2.1-Cam	 (Stratagene,	
Amsterdam)	 and	 the	BamHI	and	SalI	 sites	of	pAD-GAL4-2.1	 (Strata-
33
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gene)	 32, with sticky ends previously filled in using Klenow (Invit-
rogen).	 The	 destination	 vectors	 pDest-1	 (N-GST	 fusion	 tag)	 and	



















5’-TCGCCTCCAACAAAAGGGCAAC-3’  5’-CCTAGATCAGCCTCTCTGCTGCAG-3’ 
5’-TCACCTCCAACAAAAGGGCAACTCA-3’ 
Construct (a.a. position) 
5’-ATGACAACATCCCATATGAAT-3’
























The	 pDest66	 was	 constructed	 by	 introduction	 of	 a	 reading	 frame	
cassette (Gateway; Invitrogen) into a modified version of pET-43a (No-
vagen,	Madison,	WI)	containing	an	amino	terminal	His6-maltose-bind-
ing	protein	 tag	 (Esposito	D.	 ,	Hartley	 J,	 	unpublished	data,	2003).	All	
novel constructs were verified by nucleotide sequencing.
Yeast two-hybrid 
A	 GAL4-based	 yeast	 two-hybrid	 system	 (Hybrizap;	 Stratagene),	 with	
yeast	 strain	 PJ69-4α,	 was	 used	 to	 identify	 proteins	 that	 interact	 with	










quantified in a liquid ortho-nitrophenyl-β-D-galactopyranoside	(ONPG)	





tion of chicken. The yolk was processed with an IgY Purification Kit 
(Eggcelent	Chicken;	Pierce	Biotechnology,	Rockford,	 IL)	 according	 to	
the	manufacturer’s	protocol,	 and	IgY	antibodies	were	consequently	af-
finity purified on a protein-coupled NHS-activated HP column (Hi-Trap; 
Amersham	Biosciences,	Roosendaal,	The	Netherlands).	
Production	AK2,	AK,	AK7,	AK4	and	AK8	antibodies	have	been	de-
scribed	 24.	Anti-c-myc	monoclonal	mouse	 antibodies	 (clone	 9E10)	were	





uvomorulin	 (clone	 Decma-1)	 from	 Sigma-Aldrich	 (Amsterdam,	 The	
Netherlands).	Secondary	antibodies	conjugated	 to	Alexa	488,	Cy3,	 and	
Cy	were	obtained	from	Molecular	probes	(Leiden,	The	Netherlands	and	










GST pull-down, Coimmunoprecipitation, Western blot analysis
Arabinose	inducible	BL21-AI	cells	were	transformed	with	GST-hCRB1in-
tra/pDest1	or	His-MBP-hMPPPDZ/pDest66	and	IPTG	inducible	BL21-
DE3	 cells	 with	 GST-hMPPSH3+HK/pDest1	 or	 His-MBP-hMMP4HK-
end/pDest66.	BL21-DE3	cell	lysates	were	prepared	according	to	a	1.%	
sarkosyl	protocol	with	DNAse	added	before	centrifugation	3.	BL21-AI	

















1 mM phenylmethylsulfonyl fluoride (PMSF), a protease inhibitor cock-







protein G Dynabeads (15 μg/reaction), followed by a second round of 
coupling of chicken anti-MPP5 antibody SN47 (10 μg/reaction) and incu-
bation	with	cell	lysates	for	2	hours	at	4°C.	The	beads	were	washed	three	
times	 	 in	 10%	 glycerol/PBS	 or	 lysis	 buffer,	 respectively	 and	 boiled	 in	








After reaching 70% confluence, stable clones of MDCKII cells express-
ing	hCRB1	were	cultured	for	1-	days	in	DMEM	supplemented	with	1%	
penicillin/streptomycin, 10% fetal bovine serum and 5 μg /ml tunica-









MPP4	 and	 the	 housekeeping	 gene	 GAPDH,	 which	 served	 as	 a	 stan-
dard.	The	following	primer	pairs	were	used:	’-ACCAATGTATTCAA-
CAGGGACC-3’(sense)	 and	 ’-TCGTTTCCGTTGTAGTGTCTCC-




CATGCCATCAC-3’	 (sense)	 and	 ’-TCCACCACCCTGTTGCTGTA-
3’(antisense)	for	GAPDH.
Immunohistochemistry




Frozen human retina sections, 10 μm thick, were treated essentially as 
described	previously	24	using	PBS	buffer	and	1%	BSA.	Sections	were	im-





tographed	 (model	 201	 electron	 microscope;	 Phillips,	 Eindhoven,	 The	
Netherlands). 
Molecular modeling of MPP4 and -5 
The	amino	acid	sequences	of	MPP4	(Swiss	Prot	accession	number	Q96JB8;	
http://www.expasy.org;	provided	in	the	public	domain	by	Swiss	Institute	
of	Bioinformatics,	Geneva,	 Switserland)	 and	MPP	 (accession	number	
Q8N3R9)	were	submitted	to	the	3D-PSSM	fold	recognition	server	39	to	
search	 the	protein	data	base	 (PDB)	 for	homology	modeling	 templates.	
The best hit in both cases (E-value 0.07) was PDB file 1KJW, the SH3-
GUK	module	 of	 Postsynaptic	Density	 Protein	 9	 (PSD-9),	 solved	 at	
37










yasara.org/index.html) by minimizing the NOVA force field energy 44.	
The	 parameters	 of	 the	 NOVA	 energy	 function	 have	 been	 optimized	
based	on	 known	high-resolution	 x-ray	 structures,	 so	 that	 the	 function	
has	stable	minima	as	close	as	possible	 to	these	structures.	The	relative	
domain-binding	energies	of	the	four	models	were	then	calculated	as	de-
scribed	previously	 4. Coordinate files of the models are available from 
the	authors	upon	request.
RESULTS




as	 a	 bait	 to	 screen	 bovine	 and	 human	 yeast	 two-hybrid	 retina	 cDNA	
libraries. We identified only MPP5 as an interacting protein from the 





Identification of a novel interactor of MPP5
Although	the	MAGUK	proteins	in	general,	and	the	MPP	family	of	pro-
teins	in	particular,	contain	different	conserved	putative	protein-protein	
interaction	 domains	 that	 allow	 the	 build	 up	 of	 a	 scaffold,	 only	 a	 few	
of	 these	 domains	 in	MPP	have	 known	 ligands	 (Fig.	 1).	We	 used	 the	
conserved	 epitopes	 of	 human	MPP,	 for	 which	 no	 partners	 have	 yet	







different clones containing the C-terminus of MPP4 were identified, with 
the GUK domain flanked by strands E and F (Fig. 1), starting at aa. 
319	 (#228),	 aa.	 36	 (#73),	 aa.	 368	 (#221)	 and	 aa.	 390	 (#78)	 (Fig.	 2A).	
The binding affinities of these different clones for MPP5 were measured 
semi-quantitatively	 in	 a	 liquid	 ortho-nitrophenyl-β-D-galactopyranoside	
(ONPG)	 assay,	 revealing	 that	 the	peptide	 stretch	of	MPP4	 containing	
the	region	E,	GUK	and	F	is	essential	for	the	interaction.	However,	when	
more amino acids are present at the N-terminus, the binding affinity 
increased. 





Strands A and D flanking the SH3 domain and E and F flanking the GUK 
domain were identified according to homology with PSD-95.
Association of MPP4 and -5 In Vitro and In Vivo
The interaction between MPP4 and -5 was confirmed in a GST pull-
down	assay	(Fig.	2B).	GST-MPPSH3+HK	fused	to	glutathione-Sepharose	
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MPP	was	 below	 detection	 levels	 (Fig.	 2D,	 and	 data	 not	 shown).	 Re-
combinant MPP5 was efficiently immunoprecipitated by SN47 from cell 
lysates	overproducing	MPP	whereas	endogenous	MPP	was	not	 (data	
not	shown).	By		Western	blot	analysis	we	could	not	detect	endogenous	





MPP4	 overproducing	 cell	 lines	 (Fig.	 2E),	 and	 coimmunoprecipitated	






anti-flag immunoprecipitation of MPP4, indicates the presence of MPP4 
and	CRB1	in	the	same	complex,	likely	through	endogenously	expressed	
MPP.	 The	 calculated	 size	 of	CRB1	was	 14	 kDa,	while	 CRB1	 poly-
clonal	antibodies	recognized	a	protein	>220	kDa	on	Western	blot	from	
293HEK/CRB1	 and	 MDCKII/CRB1	 cells.	 The	 PROSITE	 program	
predicted	23	putative	N-glycosylation	sites	(Swiss	Institute	of	Bioinfor-
matics).	Therefore,	we	tested	whether	CRB1	is	glycosylated	in	MDCKII/
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Computer-Based Molecular dynamics and in vivo interaction of 




region, flanked by strands A and D, specifically interacts with a frag-






Fig. 2 Identification	and confirmation of interactions between MPP5 and 
MPP4.	





fused to the intracellular domain of CRB1, which has no binding affinity for 
the	PDZ	domain	of	MPP4,	was	used	as	a	negative	control	showing	basal	levels	
of	reporter	gene	activation.	





of	 MPP,	 co-immunoprecipitated	 from	 all	 3xFLAG-MPP4	 overexpressing	
cells.
(D).	 Anti-MPP	 antibody	 (SN47)	 coimmunoprecipitated	 MPP4	 from	 cells	
overproducing	3xFLAG-MPP4	and	MPP,	as	well	as	from	cells	overproducing	
3x	FLAG-MPP4,	MPP	and	CRB1-myc.
(E).	 The	 anti-MPP4	 antibody	 (AK4)	 immunoprecipitated	 MPP4	 from	 cells	
overproducing	MPP4	or	CRB1-myc	and	MPP4.	Asterisk	 indicates	an	unspe-

















order	 to	 analyze	 this	possibility,	we	built	 3D	homology	models	of	 the	
SH3-GUK	domains	of	MPP4	and	-	(Fig.	3B,	left),	based	on	the	crystal	
structures	of	PSD-9	40,46.	All	four	permutations	of	domain	interactions	
were	 analyzed:	 MPP4SH3-MPP4GuK,	 MPP4SH3-MPPGuK,	 MPPSH3-MP-
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minimal	 region	 of	MPP4	 needed	 for	 interaction	 contains	 the	E-GuK-F	 re-
gion.	To	determine	the	intramolecular	 interaction	of	MPP	as	well	as	MPP4	
(below	 dotted	 line),	 yeast	 cells	 were	 co-transformed	with	 two	 constructs	 of	
MPP	(pBD-GAL4	domain	fused	to	the	SH3-HOOK	region	and	the	pAD-
GAL4	domain	fused	to	the	HOOK-GuK	domain),	as	well	as	two	constructs	
of	MPP4	 (pBD-GAL4	domain	 fused	 to	 the	GuK	domain	 and	pAD-GAL4	
domain	fused	to	the	SH3 domain). Interactions were quantified by determin-
ing	the	activation	of	the	LacZ	reporter	gene	in	a	liquid	ONPG	assay	(β-galac-
tosidase	 activity,	black	bars).	As	 a	negative	 control,	 the	pBD-GAL4	domain	












Fig. 4	mRNA expression profiles of CRB1, MPP5 and MPP4.






P4GuK interaction was the one we first discovered experimentally in the 
yeast	two-hybrid	screening	(Fig.	3A).
	 To	 further	validate	 the	model	 further,	we	analyzed	 the	binding	
affinities of the SH3 and GUK domains in MPP4 and -5 (Fig. 3A, right). 
We were able to confirm in the sensitive liquid ONPG assay that the 
MPP4	domains	interact	more	strongly	than	the	ones	in	MPP.
Expression of CRB1, MPP5 and MPP4
Expression	 analysis	 by	 semiquantitative	RT-PCR	on	 a	 panel	 of	RNAs	
from	 several	 human	 tissues	 showed	 that	 CRB1	 is	 predominantly	 ex-
pressed in the retina. An increase in the number of PCR cycles identified 
a	lower	level	of	expression	in	brain,	testis	and	fetal	eye	(Fig.	4).	MPP5	is	
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Immunolocalizations of CRB1, MPP4 and MPP5 in human retina
Immunohistochemistry	 and	 confocal	 laser	 scanning	 microscopy	 were	
used	 to	determine	 the	subcellular	protein	 localization	of	CRB1,	MPP4	
and	MPP.	Anti-CRB1	 antibodies	AK2	 and	 -	 detected	CRB1	 at	 the	
outer	limiting	membrane	(OLM)	of	human	retina.	Using	monoclonal	an-























photoreceptors. We did not detect any protein in the Műller (Fig. 6E), 









Fig. 5 Distribution of MPP4, 
MPP5, CRB1, and ß-catenin 
in adult human retina.
(A-Q).	 Confocal	 images	 of	
human	 retinas	 stained	 with	
antibodies	 against	 ß-catenin	
(A ,C -D,E ,G -H ,M ,O,Q ) ,	
CRB1(B-D,I,K-L),	 MPP	 (F-








stained	 the	 SAR	 in	 the	 outer	
limiting	 membrane	 (OLM).	
MPP	 and	 CRB1	 colocalize	
at	 the	 SAR	 (L).	 AK4	 stained	
the	OPL	(N,O)	and	the	OLM	
(O,Q),	whereas	 secondary	an-
tibodies	 (P)	 produced	 some	
background	 staining	 in	 the	
photoreceptor	inner	and	outer	
segments.	 IS,	 inner	 segments;	
ONL,	 outer	 nuclear	 layer;	
OPL,	 outer	 plexiform	 layer;	
OS,	outer	 segments;	 INL,	 in-
ner	 nuclear	 layer.	 Scale	 bars:	
(A-C, H, L, P, Q) 10 μm; (D, 
E-G, I-K, M-O) 20 μm.
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Fig. 6	Immuno-electron microscopy of mouse Mpp4 in retina.	
(A).	In	the	OLM,	Mpp4	was	located	at	the	plasma	membrane	apical	to	and	at	
the	zonula	 adherens	 contacts	 (arrow	head	and	arrows	 respectively).	There	 is	
also	staining	at	the	trans	Golgi	network	(asterisk).	(B).	In	rod	photoreceptors	
the	lateral	plasma	membranes	of	the	spherules	were	strongly	stained	(asterisk).	
Mpp4	 staining	was	 also	 found	 associated	with	 vesicles	 proximal	 to	 the	pre-






rod. (E). Magnification of the AJ showing the presence of the signal only at the 
photoreceptor side, but not in the Műller glia cell. (F). MPP4 is located at the 
pre-synaptic	plasma	membrane,	and	proximal	vesicles	(arrow).	(G).	At	the	cone	
synapse,	the	signal	is	associated	with	the	pre-synaptic	membrane.
Scale bar represents 0.5 μm. R-rod photoreceptor, C-cone photoreceptor, H-
horizontal cell, M- Műller glia cell. 
DISCUSSION
MPP4 as a member of the CRB1 protein scaffold

















from	lysates	of	Crb1	knockout	mice	24. We now have identified MPP4 as a 
binding	partner	for	the	SH3-HOOK	region	of	MPP.	
Mechanism of interaction and implications for regulation
The	 interaction	between	MPP	and	 -4	 involves	 the	C-terminal	end	of	
MPP4.	Alternative	interaction	through	L27	domain	dimerization	was	ex-
cluded.	In	a	yeast	two-hybrid	experiment,	no	L27	domain	binding	was	
found	between	MPP4	 and	 -,	whereas	 the	L27	domains	 of	PATJ	 and	
MPP	did	show	interaction	(data	not	shown).		
 Detailed analysis revealed that the E and F strands flanking the 
GUK	domain	of	MPP4	are	essential	for	binding.	This	is	in	full	agreement	
with	 the	 folding	 according	 to	 the	 crystal	 structure	 of	 PSD-9	 40,46.	 In	
PSD-9,	the	SH3-HOOK	region	interacts	both in	cis	and in	trans	with	the	





the	preference	 from	 intra-	 towards	 intermolecular	 interactions	 in	vivo,	





tation experiments both confirmed the interactions biochemically and 
provided	 in	 vivo	 evidence	 for	 the	 proposed	 regulatory	mechanism	 of	
heterodimerization.	The	full-length	proteins	that	were	the	targets	for	im-
munoprecipitation	 did	 coprecipitate	 the	 full	 complex	 of	 CRB1,	MPP4	
and	MPP	from	HEK293	cells,	 indicating	that	 in	these	cells	the	regu-
latory	 factor	 is	present	 (Fig.	2C,D).	Good	candidates	 for	 regulation	of	
49












ed herein and the interactions identified in this study, the SH3 module 
of	MPP4	 and	 -	 seems	 to	 be	 functionally	 different	 from	 the	 conven-
tional	ones.	The	SH3	domain	of	MPP	interacts	with	the	GUK	domain	
of	MPP4	as	well	as	with	its	own	GUK	domain.

























involving	 the	MAGUK	protein	CASK	acts	as	a	nucleation	site	 for	 the	
assembly	of	proteins	involved	in	synaptic	vesicle	exocytosis	and	synaptic	
junctions	9,60.	It	is	tempting	to	speculate	on	possible	functions	of	MPP4	
in	vesicle	 targeting	or	 fusion	 complexes	 at	 the	photoreceptor	 synapses	
and	the	region	apical	to	the	adherens	junction.
Implications for inherited retinal degenerations




nation	observed	with	loss	of	mouse	Crb1	24 and the zebra fish MPP5 ho-






fied. Recently, mutations in the neighboring CERKL	gene	were	 found	
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MPP1 links the Usher network and the Crumbs protein complex
ABSTRACT  
The	highly	ordered	distribution	of	neurons	 is	 an	essential	 feature	of	 a	




al	 Crumbs	 polarity	 complex,	 that	 has	 functionally	 conserved	 counter-
parts in zebrafish (nagie oko) and Drosophila (Stardust). We show that 
MPP	 interacts	 with	 its	 MAGUK	 family	 member	 MPP1/p	 at	 the	
OLM.	Mechanistically,	 this	 interaction	 involves	 heterodimerization	 of	






calize	 in	 the	retina	at	 the	OLM,	at	 the	outer	synaptic	 layer,	and	at	 the	
basal	bodies	and	the	ciliary	axoneme.	In	view	of	the	known	roles	of	the	
Crumbs and Usher protein networks, our findings suggest a novel link of 
the	core	developmental	processes	of	actin	polymerization	and	establish-













work	 of	 cell-to-cell	 contacts,	 necessary	 to	 transfer,	 process,	 and	 adapt	
to	 intercellular	signaling	 information.	Aside	from	the	fact	that	the	dif-
ferentiated	layers	of	the	retina	consist	of	seven	major	cell	classes,	studies	
in zebrafish have shown that all retinal cells originate from a single sheet 




retinal	 cell	 types	migrate	 away	 from	 the	 neuroepithelium	 to	 form	 the	
inner	 retinal	 layers.	Although	 little	 is	known	about	 the	molecular	cues	
guiding	 the	positioning	of	 neurons	 in	 the	mammalian	 retina,	 the	 dis-

















 We here describe the identification of the specific interaction be-
tween	MPP	and	MPP1,	a.k.a.	erythrocyte	protein	p,	and	their	colo-
calization	at	the	OLM.	In	addition	to	Crumbs	protein	complex	members,	
some Usher proteins, including whirlin/CIP98 have been identified at 
61
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the	OLM	26.	Our	results	indicate	that	the	multi-PDZ	protein	whirlin	also	
binds	to	MPP1	at	this	subcellular	site.	In	addition,	whirlin-MPP1	colo-

















SH3+HOOK	domain	 (a.a.	 337-477),	HOOK-end	 (a.a.	 408-67)	 as	 de-
scribed	previously	18.	cDNAs	encoding	human	full-length	whirlin	(amino	
acids	1–907),	PDZ1	(amino	acids	138	-233)	and	PDZ2	(amino	acids	279–





























fusion	protein	encoding	a	 fragment	 (a.a.	 701–76)	of	 the	 long	 isoform	
(1:00)	26.	Secondary	antibodies	were	conjugated	with	Alexa	488	or	Alexa	
68	(Molecular	probes,	Leiden,	the	Netherlands).	For	immunoprecipita-




GST-pull down and immunoprecipitations
IPTG	 inducible	 BL21-DE3	 cells	 were	 transformed	 with	 GST-
MPPSH3+HOOK/pDest1,	 GST-MPP1E-end/pDest1,	 GST-MPP1FL/pD-
est1,	 GST-MPP1Cdel9/pDest1,	 GST-MPP1GUK/pDest1,	 His-MBP-





overnight	 at	 4°C.	 	HA-tagged	 full	 length	whirlin	or	PDZ3	of	whirlin	
was	expressed	in	Cos-1	cells	as	described	previously	26.	Cos-1	were	lysed	
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For	Western	blotting,	proteins	were	electrophoretically	transferred	onto	
nitrocellulose	membranes,	 blocked	 in	 %	milk	 (BioRad)	 and	 incubat-
ed	with	primary	rabbit	antibody	anti-His	 (H-1,	Santa	Cruz)	or	mouse	
monoclonal	 anti-HA	 (Sigma)	 and	 secondary	 antibody	 goat	 anti-rabbit	
Alexa680	(Molecular	probes)	or	goat	anti-mouse	IRDye800	(Rockland).	
The	bands	were	visualized	using	 the	Odyssey	 infrared	 imaging	system	
(LI-COR	Biosciences).
	 For	 immunoprecipitations,	 bovine	 retinas	 obtained	 from	 the	
slaughterhouse	or	mouse	retinas	 (P90)	were	used.	Cytosolic	and	mem-
brane	fractions	were	prepared	as	described	previously	19.	Mouse	mono-
clonal	 anti-chicken	 IgGs	 were	 pre-coupled	 to	 Dynabeads	 protein	 G	
(Invitrogen, Groningen, the Netherlands, 15 μg/reaction), followed by 
a	 second	 round	of	 coupling	 of	 chicken	 anti-MPP	 antibody	 SN47	 (10	




tibody (10 μg/reaction) was covalently coupled to Dynabeads protein G 
beads	and	subsequently	incubated	with	the	membrane	fraction	of	mouse	
retinas	for	2	hours	at	4°C.	Protein	A/G	agarose	beads	(Santa	Cruz)	were	























Mouse	 embryos	 (E12.-E18.)	 and	 adult	mice	 (P7	 and	P90)	were	 col-
lected	 and	prepared	 for	 in situ	hybridization	 as	described	previously	 26.	
The	MPP1	probe	contains	the	last	3	exons	and	part	of	the	3’UTR.
Immunohistochemistry
Unfixed eyes of Wistar rats (P20) and mice (P90) were isolated and fro-
zen	in	melting	isopentane.	Cryosections	of	10	µm	were	made	and	treated	
with	0.01%	Tween-20	in	PBS	followed	by	a	blocking	step	with	blocking	











ABC-Kit, Vector, England). After fixation with 0.5% OsO4	 specimen	
were	embedded	in	araldite	and	ultrathin	sections	were	analyzed	with	a	
FEI	Tecnai	12	TEM.
Molecular modeling of MPP1 and MPP5
The	homology	model	of	MPP1	(Swiss	Prot	entry	EM_HUMAN)	was	
built	 using	 the	 protocol	 described	 for	MPP4	 and	MPP	 previously	 18.	
The	modeling	template	was	again	the	SH3-GUK	module	of	Postsynap-
tic	Density	Protein	9	(PSD-9)	with	~40%	sequence	identity,	solved	at	
1.8	Å	resolution	 36 (PDB ID 1KJW). To estimate the relative affinities 
(Table	1)	of	the	three	homodimers	(MPP1-1,	MPP4-4,	MPP-)	and	the	
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NOVA force field energy was minimal and binding energies could be 
calculated	 18,37,38. Coordinate files of the models are available from the 
authors	upon	request.
RESULTS	
MPP5 specifically interacts with MPP1
Since	MPP	contains	a	number	of	protein-protein	 interaction	domains	
(Fig.	1A),	a	scaffolding	function	was	assigned	to	this	protein.	To	iden-
tify	 interactors	 for	 the	 SH3+HOOK	domain	 of	MPP,	we	 previously	
screened	 a	 human	oligo-dT	primed	 retinal	 cDNA	 library	 and	 isolated	
MPP4	as	an	 interacting	protein	 18.	As	homology	modeling	suggested	a	
potential	heterodimerization	of	different	MPP	family	members,	we	ex-
panded	 the	 yeast	 two-hybrid	 screening	 using	 an	 optimized	 cell-to-cell	




L27	domains.	The	MPP1E-end	 and	MPP1SH3+HOOK	 constructs	were	 used	
in	yeast	two-hybrid	(Fig.	1C)	as	well	as	biochemical	assays	(Fig.	1D	and	
supplemental figure 7) to pinpoint the interacting domains of MPP1 and 
MPP5 and determine their binding specificity. Yeast two-hybrid analysis 
of	 several	MPP1	 and	MPP	 constructs	 showed	 that	 the	 interaction	 is	
directional	(Fig.	1C);	the	MPP1prey	containing	the	GUK	domain	interacts	
with	the	SH3+HOOK	domain	of	MPP,	but	the	SH3+HOOK	domain	







proteins in the yeast two-hybrid assay. GST-pull down analysis confirmed 
the	interaction	between	the	SH3+HOOK	domain	of	MPP	and	the	C-
terminus of MPP1 (Fig. 1D and supplemental figure 7).
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SH3 and GUK domain. Strands A and D flanking the SH3 domain and E 
and F flanking the GUK domain were identified according to homology with 
PSD-9.	MPPSH3+HOOK	was	used	as	bait.	The	MPPHOOK-end	construct	is	used	
in a yeast two-hybrid assay to determine the specificity of the interaction be-
tween	MPP1	and	MPP.	 (B).	 Identical	MPP1	preys	were	found	and	MPP1E-






tion is specific. (E).	Homology	modeling	of	the	MAGUK	modules	of	MPP1	
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Analysis of MPP1- MPP5 interaction by molecular modeling
In	our	initial	work	on	the	MPP4-MPP	interaction,	molecular	modeling	









tion (Fig. 1E), and is predicted to reach an affinity close to MPP5-MPP5 
(Table	1).	
MPP1	and	MPP	(shown	in	blue)	are	both	long	enough	to	support	this	rear-




hydrophobic core of the SH3 domain, a strong but unspecific interaction found 
Table 1. Estimated	 in silico binding	 energies	 for	 the	 six	 different	 dimers	 of	
MPP1, -4 and -5, sorted from highest to lowest affinity. Each binding energy is 
the	sum	of	the	two	GUK-SH3	interactions.
Complex Energy (kcal/mol)
MPP4-MPP4  378 
MPP4-MPP5  323 
MPP5-MPP5  294 
MPP1-MPP5  283 
MPP1-MPP4  266 
MPP1-MPP1  250 
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the retina (Supplemental figure 8). We used RNA in situ	hybridization	on	
mouse	cryosections	 to	monitor	 the	cellular	 levels	of	MPP1	 transcripts,	












was maintained and with the onset of ossification, expression was seen 
in	all	bone	structures	of	the	body	(e.g.	femur,	Fig.	2E).	At	P7	and	P90,	




ina.	We	detected	MPP1	expression	 in	 the	outer	plexiform	layer	 (OPL),	







ter.	Costaining	with	 anti-β-catenin,	 a	marker	 for	 the	OLM	and	OPL,	
confirmed the presence of MPP1 at these locations (Fig. 3A2 and A3 
and	C2).	Costaining	with	 connecting	cilium	marker	 acetylated	 tubulin	
revealed	some	overlap,	but	most	of	the	MPP1	signal	is	detected	just	be-
low	the	axoneme	of	the	connecting	cilium	(Fig	3B).	Costaining	of	retinal	




MPP1 links the Usher network and the Crumbs protein complex
Fig. 2 MPP1 expression analysis by RNA in situ hybridisation on embry-
onic and adult mouse tissues. 































MPP1 links the Usher network and the Crumbs protein complex
Immunoprecipitations	 from	 retinal	 lysates	were	 performed	 to	 detect	 a	




MPP5, confirming their presence in the same protein complex (Fig. 3D, 
right	panel).















Fig. 4 Whirlin can bind to MPP1 by two different mechanisms.


















since one peptide plane is flipped and a C=O faces the carboxyl group. There-
fore,	 it	 is	 predicted	 that	Gly	 87	 in	whirlin	must	 undergo	 a	 conformational	
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against whirlin and MPP1 clearly confirmed the colocalization of both 
proteins	 at	 the	OPL,	 the	OLM,	 at	 the	 region	 of	 the	 connecting	 cilia,	
and	somewhat	weaker	at	the	inner	segments	(Fig.	A	and	B).	In	order	to	
confirm the presence of both proteins in the same retinal protein com-
plex,	we	 performed	 co-immunoprecipitation	 analysis.	 The	 anti-whirlin	
antibody efficiently precipitated whirlin (Fig. 5C, top panel), and MPP1 
coprecipitated	as	part	of	the	same	protein	complex	from	the	mouse	ret-







lator	 (RPGR)	 and	 its	 interacting	 protein	 (RPGRIP1)	 are	 causative	 for	
X-linked	retinitis	pigmentosa	and	LCA,	respectively	 44-48.	We	therefore	
analyzed	the	connecting	cilium	region	in	detail	by	immuno-electronmi-














Fig. 5 MPP1 interacts with whirlin in photoreceptors.	(A-B).	Retinal	cryo-
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DISCUSSION







tions	that	could	provide	clues	for	 its	 involvement	 in	retinal	patterning.	
We identified MPP1 as a novel interactor, and by homology modeling 
predicted	a	binding	mechanism	of	homo-	as	well	as	heterodimerization	
of	the	MAGUK	modules.	Our	data	indicate	that	this	only	occurs	in	spe-











an accurate docking point to establish specific membrane subcompart-
ments,	either	in	synaptic	processes	in	the	OPL	or	at	the	OLM.	
	 We	demonstrate	that	the	MPP1	gene	is	ubiquitously	expressed,	in	
adult	 tissues	 and	 throughout	development.	 Its	 expression	 in	 the	 retina	
showed	striking	similarities	to	the	retinal	expression	pattern	of	DFNB31,	
the	gene	encoding	whirlin	26.	During	development	of	the	retina,	expres-
sion	is	highest	 in	the	inner,	neuroblastic	 layer,	while	at	 later	stages	it	 is	
also	present	in	the	photoreceptor	cell	layer.	The	increasing	expression	of	
whirlin	and	MPP1	in	the	inner	neuroblastic	layer	during	early	develop-
ment	may	 implicate	 that	 these	 proteins	 indeed	 play	 a	 role	 at	 the	 early	
stages	of	retinal	pattern	formation.
	 Multi-PDZ	protein	whirlin	 is	 associated	with	 inherited	 isolated	
deafness	(DFNB31)	27	and	Usher	syndrome	(USH2D)	28.	We	and	other	
recently identified whirlin as a key player in the Usher protein network 
both	 in	 the	 retina	 and	 in	 the	 inner	 ear	 26,3.	As	 the	whirlin-MPP1	 in-
teraction was previously identified as a preliminary result from a yeast 
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two-hybrid screen, but without further confirmation 39,	we	analyzed	the	













Fig. 6 Schematic representation of the link between the Crumbs and Ush-



















was not found at this specific subcellular site. The role of the whirlin-
MPP1	interaction	at	the	connecting	cilium	and	basal	bodies	remains	to	
be determined, but a number of findings suggest a role for both proteins 
in	actin	organisation	and	dynamics.	Interaction	of	whirlin	with	myosin	
XVa suggests a role in polymerization of the actin filaments that extend 
beneath	the	ciliary	membrane	(similar	as	in	stereocilia	development)	4,,	
while	 association	with	myosin	VIIa	provides	 a	 link	 to	actin-based	op-
sin	transport	in	the	connecting	cilia	6.	The	known	association	of	MPP1	
with 4.1R and the recently identified colocalisation in stereocilia of the 







roles of these newly identified partnerships in the retina remain to be 
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SUPPLEMENTARY MATERIAL




ment, showing that this interaction is specific.









SUPPLEMENTAL MATERIALS AND METHODS
DNA constructs
Gene-specific primers that were used to generate MPP1 and whirlin con-
structs	 are	 listed	 in	 table	2.	The	 start/stop	 codons	 are	underlined	 and	
amino	acid	positions	are	given	between	brackets.

























for	 MPP2.	 ’-AAAGAGACCTGTGACTGTGAG-3’	 (sense)	 and	 ’-
AAGTGCTGTGGGTTCTCAG	-3’	(antisense)	for	MPP3.	’-GTATCT-
CACAACCAGAAATGC-3’	 (sense)	 and	 ’-	 ACCACATAGGGCATA-
AACTC-3’	(antisense)	for	MPP6.	’-	GCAAGAAGAGTGATCAGTACG	
-3’	(sense)	and	’-	TGAGTCTATACTTGTGCCGTAG	-3’	(antisense)	for	
MPP7.	 	 ’-GATCCACCTCTCGATGTTCAC-3’	 (sense)	 and	 ’-CCTT-
TAGTGTTCCCTGCTAG	-3’	(antisense)	for	GUS.
81
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function of parallel fiber synapses in cer-
83

































































































































1Department of Human Genetics and 2Nijmegen Centre for Molecular Life Sciences, 
Radboud University Nijmegen Medical Centre, Geert Grooteplein Zuid 10, P.O. Box 













confirmed in yeast, in GST pull down assays, and by immunoprecipita-
tion.	Retinal	localizations	were	determined	by	immuno-histochemistry.
Results: Syntenin-1 was identified as a binding partner for the HOOK 
domain of MPP5. Interaction was confirmed between the full length 






















	 MPP	 (Membrane	 Palmitoylated	 Protein	 )	 is	 an	 evolutionary	








membrane	 (OLM).	 Adherens	 junctions	 are	 cell-cell	 junctions	 formed	






















Syntenin-1 is a novel binding partner of  MPP5 in the retina




mical methods confirmed the binding of the full length molecules, and 
by immunohistochemistry we identified colocalization in the retina. 
	 Syntenin-1	 (or	 Pro-TGF-alpha	 cytoplasmic	 domain-interacting	


































tosidase filter lift assay, respectively 24.	In	addition,	constructs	containing	
the	SH3-end	or	HOOK	domains	of	MPP fused	to	the	DNA	binding	




GST pull down , immunoprecipitation and retinal lysates
IPTG	inducible	BL21-DE3	cells	were	transformed	with	GST-hMPPS+H/















lecular	 probes,	 Paisley,	USA)	 in	 1%	milk,	 and	washed	 in	PBST	 (0.3%	
Tween).	The	bands	were	 visualized	using	Odyssey®	 Infrared	 Imaging	
system	(LI-COR	Biosciences,	Nebraska,	USA).
	 For	 immunoprecipitation,	HEK293	 cells	 were	 transfected	with	
full	 length	FLAG-MPP	using	Effectene	(Qiagen,	Venlo,	The	Nether-
lands). After 24 hours, cells were lysed in 250 μl lysis buffer (50 mM 
Tris-HCl	pH7.,	10	mM	NaCl,	0.%	Triton-X-100	plus	Complete	pro-
tease	inhibitors	(Roche,	Woerden,	The	Netherlands).	Protein	A/G	beads	
(Santa Cruz Biotechnology, Inc., Santa Cruz CA, USA) coupled to 5 μl 
















tern blot, 20 μg of the cytosolic fraction and membrane fraction were 
used.	Syntenin	was	detected	using	the	mouse	monoclonal	4D12	antibody	
followed	by	incubation	with	the	anti-mouse	secondary	antibody	coupled	







Frozen Wistar rat retinal sections of 10 μm were treated as described pre-
viously	26 or blocking solution 0.1% ovalbumin and 0.5% fishgelatin were 
used.	Sections	were	incubated	overnight	with	primary	antibody	and	for	1	
hour	with	secondary	antibody	conjugated	to	Alexa	488	or	68	(Molecular	













Identification of syntenin-1 
MPP	is	a	scaffold	protein	comprised	of	multiple	protein-protein	inter-
action	domains.	To	assess	potential	interacting	partners	for	the	HOOK	
domain	of	MPP,	 a	 yeast	 two-hybrid	 screen	with	MPPHOOK	 as	 a	bait	
was	performed	(Fig.	1A).	We	screened	a	bovine	randomly	primed	retinal	
cDNA library and identified syntenin-1 as an interactor (Fig. 1B).  
Five different syntenin-1 clones were identified. All clones contained the 
full	length	coding	sequence	of	syntenin-1	in	frame	with	the	GAL4	bin-
ding	domain	and	 some	additional	3’	untranslated	 sequence	of	variable	





been described to interact with several proteins. However, the first PDZ 
domain	 nor	 the	 second	PDZ	domain	 or	 both	PDZ	domains	 together	
were	involved	in	binding	to	MPP.	Also	the	N-terminus,	for	which	no	





and	β-galactosidase assays, indicated a reduced affinity compared to a 
construct	that	contains	only	the	HOOK	domain	(Fig.	1C).
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was identified from the yeast two-hybrid screen. Full length human syntenin-1 
and	domains	thereof	were	expressed	in	yeast	in	cis	with	the	GAL4	transcrip-










Confirmation of syntenin-1 binding to MPP5
Direct interaction between syntenin-1 and MPP5 was confirmed using 
bacterially	expressed	proteins	in	GST	pull	down	assays	(Fig.	2A-D).	The	
HOOK and SH3+HOOK domain of MPP5 fused to GST specifically 
pulled	down	syntenin-1	fused	to	a	His-MBP	tag,	while	the	control	lanes	
(GST	only)	were	empty	(Fig.	2A).		 Also	 when	 the	 tags	 were	 swapped,	
















Syntenin-1 is a novel binding partner of  MPP5 in the retina
Fig. 2 Confirmation of the interaction between syntenin-1 and MPP5 by 
GST pull down assays with bacterially expressed proteins.	
(A).	The	HOOK	domain	as	well	as	the	SH3+HOOK	domain	of	MPP	fused	to	
GST	strongly	bind	to	full	length	syntenin-1	fused	to	His-MBP.	GST	was	used	
as a negative control. In addition, non-specific binding of the His-MBP tag to 













Syntenin-1 co-localizes with MPP5 to the OLM
Although	syntenin-1	is	found	to	be	important	in	cell	adhesion	and	pro-
tein trafficking in different polarized cell types, its role in the retina has 
not	 yet	 been	 described.	Using	 two	 different	 polyclonal	 antibodies,	 we	
detected	 similar	 staining	of	 syntenin-1	 in	 the	 retinal	 pigment	 epitheli-




















Syntenin-1 is a novel binding partner of  MPP5 in the retina
Fig. 3 Localization of syntenin-1 in rat retina.	
(A).	Syntenin-1	(green)	staining	using	the	C96	antibody	was	found	in	the	retinal	
pigment	epithelium	(RPE),	inner	segments	(IS),	outer	plexiform	layer	(OPL),	





previously	 shown	 [10].	 (F).	Co-localization	of	 syntenin-1	 (green)	with	MPP	
(red)	was	found	at	the	OLM.	(G).	In	the	inner	segments	(IS)	a	punctate	staining	
pattern	of	 syntenin-1	was	observed.	 (H).	Anti-acetylated	 tubulin	 antibody,	 a	










lung	 and	brain.	High	 levels	 of	 expression	have	been	detected	 in	 adult	
heart	and	placenta	22.	A	role	for	syntenin-1	in	the	retina	has	not	yet	been	




portant	 insights	 into	 the	putative	 function	of	 syntenin-1	 in	 the	 retina.	
In	MDCK	cells,	a	model	system	to	study	apico-basal	cell	polarity,	syn-








elusive.	Although	we	 excluded	 a	 direct	 interaction	between	 syntenin-1	








tracellular puncta, suggesting a role for MPP5 in E-cadherin trafficking 
to	the	membrane	29.	In	epithelia,	MPP	is	 important	for	tight	 junction	
formation	9,30.	Tight	junctions	form	tight	seals	between	cells	and	are	lo-
cated	 apically	 to	 adherens	 junctions.	From	 studies	 in	Drosophila,	 it	was	
already	known	that	 the	orthologous	complex	of	Crumbs	(CRB1),	Star-
dust	(MPP),	and	DPATJ	(PATJ)	localizes	apical	to	adherens	junctions,	








of	 syntenin-1	 and	MPP	apical	 to	 these	 junctions	provides	 clues	 for	 a	
similar role for both proteins in cadherin trafficking in the retina.
	 A	direct	 interaction	between	syntenin-1	and	the	E-cadherin/ca-
tenin complex has not been identified. However, association of syntenin-
1	with	the	cadherin	complex	could	take	place	via	the	MPP-LIN7	inter-
action.	The	putative	link	to	the	E-cadherin	adherens	junction	complex	is	
shown in figure 4. 
Fig. 4	Illustration	of	the	MPP-syntenin	interaction	and	the	putative	link	to	
the	E-cadherin/β-catenin/α-catenin	adherens	junction	complex.	The	PDZ	do-





in	 a	 complex).	 It	 is	 feasible	 that	 syntenin-1	 forms	 a	molecular	 link	 between	
adherens	junction	molecules	and	more	apically	localized	proteins	via	its	inter-
action	with	MPP,	which	in	its	turn	binds	to	LIN-7.
The	 heterotrimeric	 LIN2-LIN7-LIN10	 protein	 network	 is	 known	 to	
form	 a	 complex	with	 cadherin	 and	β-catenin	 in	 epithelia	 and	 in	 neu-















metabotropic	glutamate	 receptors	 as	well	 as	 glycine	 transporter	 type	2	
40-42.	In	addition,	syntenin-1	was	found	to	provide	a	scaffold	for	Unc1.1	
and	the	endocytic	machinery	 involved	 in	regulating	axon	formation	 in	
granule	 cells	 43.	A	 similar	 scaffolding	 function	of	 syntenin-1	 in	 retinal	
neurons	can	be	envisioned.	
In conclusion, this study demonstrates for the first time the presence 
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protein	and	 its	binding	partners	are	 involved	 in	 formation	and	stabili-
zation	of	adherens	junctions.	In	this	study,	we	describe	a	novel	compo-
nent	of	 the	mammalian	Crumbs	 complex,	 the	FERM	domain	protein	
EPB41L,	which	 associates	with	 the	 intracellular	domains	of	 all	 three	
Crumbs	homologues	through	its	FERM	domain.	Surprisingly,	the	same	
FERM	domain	is	involved	in	binding	to	the	HOOK	domain	of	MPP/






















and	 its	 binding	partners	MPP/PALS1	 and	PATJ.	 In	mammals,	 three	






	 In	 epithelial	 tissues	 of	 Drosophila,	 the	 homologous	 complex	 of	
Crumbs-Stardust	and	DPATJ	localizes	to	the	subapical	region	(SAR),	a	
region	which	harbors	similar	protein	complexes	as	vertebrate	tight	junc-
tions	 3.	This	complex	 is	 involved	 in	 the	 formation	and	stabilization	of	
the	adherens	 junctions,	and	thereby	maintaining	polarity	 in	embryonic	
epithelia	4-8.	It	is	also	involved	in	the	morphogenesis	of	photoreceptors	
















FERM protein EPB41L5 is part of  the mammalian CRB-MPP5 complex
	 The	EPB41L	protein	 is	part	of	the	protein	4.1	super	family	 20.	
The	prototypical	member,	EPB41	or	protein	4.1R,	has	a	structural	func-
tion	in	red	blood	cells	by	linking	the	cytoskeleton	to	the	transmembrane	
























addition,	 interaction	 data	 on	Yurt/YMO1	binding	 to	members	 of	 the	
Crumbs	complex	(CRB1	and	MPP)	were	presented.	Here,	we	show	that	
EPB41L	binds	to	all	Crumbs	homologues	and	to	MPP,	thereby	con-
firming previous findings. In addition, we provide a detailed analysis of 
the	co-expression	and	co-localisation	analysis	of	Crumbs,	MPP	and	EP-














GATEWAY adapted primers with gene-specific sequences and amino 





nation and verified by nucleotide sequencing 27.	The	subsequent	ENTRY	
clones	were	transferred	into	several	GATEWAY-adapted	destination	vec-
tors,	 pBD-GAL4/DEST,	 pAD-GAL4/DEST,	 pDest66	 27,	 pSOS	 and	











The	 SOS	 recruitment	 (Cytotrap)	 system	 was	 purchased	 from	 Strata-
gene.	 Yeast	 strain	 cdc2H	was	 co-transformed	with	 constructs	 pMyr-





to pMyr. This was verified by determining growth of yeast on glucose 
plates	(no	pMyr	expression	by	repression	of	galactose	driven	promotor).	
Protein-protein	 interactions	 were	 determined	 by	 growth	 on	 galactose	
113
FERM protein EPB41L5 is part of  the mammalian CRB-MPP5 complex
plates	at	37°C.
GST-pull down and immunoprecipitation









Bovine	 retinas	 obtained	 from	 the	 slaughterhouse	 were	 used	 for	 GST	
pull	 down	 assays.	Cytosolic	 and	membrane	 fractions	were	prepared	 as	
described	 previously	 14.	 The	membrane	 fraction	 of	 one	 retina	 was	 in-
cubated	for	 three	hours	with	GST,	GST-CRB1INTRA,	CRB1INTRA∆GTY	or	



















cipitation	was	performed	 for	 2	hours	 at	 4°C.	As	 a	 control,	 guinea	pig	
IgGs	(Rockland)	coupled	to	agarose	A/G	beads	were	used.	Precipitated	
proteins	were	washed	4	times	with	lysis	buffer	and	analyzed	by	Western	






















with fluorescent light source (Nikon). Unfixed eyes of Wistar rats (P20) 
were	isolated	and	frozen	in	melting	isopentane.	Immunohistochemistry	
was	performed	as	described	previously	33.	
MCDK cell culture and clonal selection
MDCK	cells	were	transfected	with	a	CMV-Epb4.1l-ires-Neomycin	con-
struct	using	Lipofectamin	2000	reagent	according	to	the	manufacturer’s	
instructions	 (Invitrogen).	MDCK	 cells	 were	 selected	 for	 resistance	 to	
G418	(30	µg/ml).	Single	clones	were	picked	after	3	weeks	and	expanded	
before	testing	transgene	expression	by	Western	blotting.
Calcium switch and immunohistochemistry
Approximately	 x10	MDCK	 cells	 were	 seeded	 into	 10	 mm	 diameter	
Transwell membrane filters (0.4 µm pore size; Corning	Costar)	and	grown	





FERM protein EPB41L5 is part of  the mammalian CRB-MPP5 complex
and this was designated as the t=0 time point.
	 Immunohistochemistry	 was	 performed	 as	 described	 previously	
with some modifications 34. Briefly, MDCK cells grown on filters were 
fixed in 4% formaldehyde/PBS	for	20	minutes	and	permeabilized	with	a	
solution	of	gelatin	(0.7%)/saponin	(0.016%)	for	1	minutes	at	37°C.	Af-
ter blocking the filters with 2% donkey serum/PBS for 1 hour at room 
temperature, filters were excised and incubated with primary antibodies 
in	 2%	donkey	 serum	(rabbit	 anti-PATJ,	mouse	 anti-ZO-1,	mouse	 anti-
β-catenin) for 3 hours at 37°C in a humidified chamber.	After	extensive	
washes with 2% donkey serum/PBS, filters were incubated	with fluoro-
chrome-conjugated	secondary	antibody	(1:1,000)	for	1-2	hours	at	37°C.	
Subsequently, filters	were	washed	several	 times	with	PBS	and	mounted	
on	glass	 slides	with	 the	Fluorescent	mounting	medium	(Dako).	 Immu-
nofluorescence was analyzed using an Eclipse E600 (Nikon) and a TCS 
SP2	Laser	Scanning	Confocal	(Leica)	microscopes.	






 WISH was performed as described previously with modifications 












Antibodies against purified recombinant GST-hEPB41L5 (acc no: NP_
065960, a.a. 476-733) were raised in guinea pigs. Serum was affinity pu-




For	 immunostaining	 the	 following	antibodies	were	used:	 anti-β-caten-
in	 (Transduction	 laboratories),	 anti-MPP	 (Dr.	 J.	Wijnholds),	 anti-ZO1	





Overlap of Epb4.1l5 expression with CRBs and Mpp5 in mouse em-
bryonic tissue
We	determined	the	expression	of	Epb4.1l5	in	comparison	to	Crumbs	ge-


















restricted to the ventricular layer, where proliferative cells are confined. 









































rat, and was specific for Epb4.1l5 on Western blot and immunohistoche-








detected	 in	 the	basolateral	membranes	of	 the	proliferating	neuroblasts	
(radial	glia	cells)	as	shown	by	co-localization	with	the	basolateral	protein	
E-cadherin,	 and	 the	 absence	 of	Crb2	 staining	 (a	marker	 of	 apical	 cell	
membranes)	(Fig.	2L,	M).	Thus,	in	different	embryonic	epithelial	tissues	
Epb4.1l	was	present	 in	basolateral	 positions,	 adjacent	 to	Crb	positive	
apical	domains.
Fig. 2 Epb4.1l5 protein distribution in embryonic tissues and cellular lo-







FERM protein EPB41L5 is part of  the mammalian CRB-MPP5 complex
Epb4.1l5 co-localizes apically with CRB proteins and MPP5 in 
adult retina and kidney
In	the	adult	mouse	kidney,	anti-Epb4.1l	stained	the	basolateral	and	api-









mouse and bovine retinas (supplementary fig. 1). The 100 kD Epb4.1l5 
protein	most	 likely	 corresponds	 to	 the	 (mouse)	 isoform	 of	 731	 amino	
acids	(Acc	number:	AK04499,	predicted	molecular	weight	83	kD).	We	




due to e.g. splicing variation or posttranslational modification. This form 
should	contain	the	C-terminal	domain	of	the	protein	against	which	our	
polyclonal	antibody	was	raised.	Alternatively	but	 less	 likely,	 it	may	also	
represent	a	partially	stable	degradation	product.	The	smaller	band	of	4	
kD	was	 found	 to	cross-react	with	some	polyclonal	antibodies	 to	GST,	
since	 this	 signal	 could	 be	 completely	 blocked	 by	 adding	 recombinant	
GST (supplementary fig. 1D-E).
view	of	Epb4.1l	localization	in	kidney	epithelial	tubules.	(G-I)	Epb4.1l	and	
β-catenin	double	staining	on	a	renal	tubule	cross-section.	Both	stainings	ap-

























tified in EPB41L5 and EPB41L4B (Fig. 4B) 38,39.	
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cate that EPB41L5 has the highest binding affinity for the intracellular 
domain	of	CRB	proteins.	The	same	results	were	observed	when	pBD	and	
pAD	tags	were	swapped	(data	not	shown).	An	EPB41L	construct	with	
Fig. 4 Sequence conservation in CRB1, CRB2 and CRB3 and alignment 




(∆ERLI)	were	made.	 (B).	Human	 (H.s.)	EPB41L4B,	 human	EPB41,	mouse	
(M.m.)	Epb4.1l	and	human	MOESIN	were	individually	aligned	with	human	








first structural module of the FERM domain (EPB41L5FERM_BC)	abroga-
ted	binding	to	CRB1	(Fig.	A).
123
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In addition, non-specific binding of the his-MBP tag to the GST-CRB1 fusion 
protein	 is	not	 found	 in	 the	control.	 (D)	Full	 length	EPB41L	 interacts	with	
CRB2INTRA	as	well	as	CRB3INTRA.	(E)	GST-pull	down	from	retinal	lysates	using	
the	intracellular	domain	of	CRB1,	either	without	the	C-terminal	PDZ	domain	
binding	 motif	 (GST-CRB1INTRA∆ERLI)	 or	 without	 the	 FERM	 binding	 motif	
(GST-CRB1INTRA∆GTY). EPB41L5 binds specifically to GST-CRB1INTRA	and	not	
to	GST.	When	the	GTY	motif	is	deleted,	binding	is	lost.	MPP	in	bovine	retina	
is	detected	as	a	doublet	with	bands	at	78	and	80	kD.	At	7	kD,	a	background	
band is detected. MPP5 binds specifically to CRB1INTRA	and	CRB1INTRA∆GTY,	
but	neither	to	GST	or	to	CRB1INTRA∆ERLI.	




association of the full length EPB41L5 protein to CRB1, we confirmed 
interaction	with	 its	FERM	domain,	 and	not	with	 its	 truncated	FERM	
domain	as	expected	(Fig.	B).	
The FERM domain of EPB41L5 binds to CRB proteins 
The	 intracellular	domain	of	CRB1	 fused	 to	GST	 (GST-CRB1intra) effi-
ciently	 pulled	 down	 the	his-MBP	 tagged	FERM	domain	of	EPB41L	




binding	was	abrogated	when	using	 the	 truncated	FERM	domain	 (Fig.	








	 In	 addition,	 full	 length	 Crb3	 and	Epb4.1l	 form	 a	 complex	 in	
MDCK	cells.	Immunoprecipitation	of	stably	transfected	p7-Crb3	from	










binding of EPB41L5 was not. This experiment confirmed the binding of 
EPB41L	and	MPP	to	the	two	conserved	binding	motifs	in	the	intracel-
lular	domain	of	CRB1.
EPB41L5 interacts directly with CRB binding partner MPP5 
MPP	 contains	 a	HOOK	domain	with	 a	 potential	 interaction	 site	 for	
FERM	domain	proteins.	Interaction	was	found	between	the	FERM	do-
main	of	EPB41L	and	the	HOOK	domain	of	MPP	or	full	length	MPP	
in the yeast two-hybrid system (Fig. 6A). The affinity of the HOOK do-
main for the FERM domain of EPB41L5 was confirmed in a GST pull 
down	assay	(Fig.	6B).	In	HEK293	cells,	the	full	length	proteins	formed	
a	 complex	 (Fig.	 6C).	The	EPB41L	antibody	 attached	 to	beads	pulled	




FERM protein EPB41L5 is part of  the mammalian CRB-MPP5 complex
Fig. 6 Direct interaction between MPP5 and EPB41L5.	 (A).	The	FERM	
domain	of	EPB41L	binds	 to	 full	 length	MPP.	The	domain	of	MPP	 res-
ponsible	 for	 binding	 to	EPB41L	 is	 restricted	 to	 the	HOOK	domain	 using	
constructs	with	 the	 SH3+HOOK	domain	or	 only	 the	HOOK	domain.	 (B).	
GST-pull down confirms that the HOOK domain of MPP5 binds to the intact 
FERM	domain	of	EPB41L.	(C).	Anti-EPB41L	antibody	co-immunoprecipi-
tates	EPB41L	with	full	length	MPP	from	HEK293	cells.	In	the	control	lane,	
non-specific guinea pig IgG coupled to prot A/G agarose beads did not co-im-
munoprecipitate	EPB41L	and	MPP.
Epb4.1l5 overexpression affects tight junction formation in MCDK 
cells
The	dynamic	 localization	of	Epb4.1l	on	 cell	membranes	of	 epithelial	
like-tissues	such	as	kidney	and	neural	structures	and	its	interaction	with	
the	CRB-MPP	protein	 complex	prompted	us	 to	 test	 the	 involvement	




construct.	Clones	 1	 and	 2	 expressing	myc-Epb4.1l	 at	 different	 levels,	
as	 tested	 by	Western-blot	 (Fig.	 7A),	were	 selected	 for	 further	 analysis.	
Control	and	myc-Epb4.1l	overexpressing	MDCK	cells	were	subjected	
to	a	“calcium	switch”	protocol	in	order	to	follow	cell	re-polarization	and	
establishment	of	cell	 junctions.	To	check	 for	correct	cell	 tightness	and	
cell	 junction	 assembly,	 control	 and	 myc-Epb4.1l	 expressing	 cell	 mo-
nolayers	were	subjected	to	[3H]inulin leakage test (Fig. 7B). Briefly, cell 
monolayers in filter chambers were treated with [3H]inulin	added	in	the	
apical	chamber.	The	amount	of	 [3H]inulin	found	 in	 the	basal	chamber	
provide	 hints	 about	 the	 leakage	 of	 the	 cell	monolayer.	After	 1hour	 of	
[3H]inulin	 supplementation,	 control	 cell	monolayers	were	 tight	 enough	




fic effect of the transgene in affecting or delaying cell junction assembly. 





revealed	 disorganization	 and	 repression	 of	 tight	 junction	 formation	 in	
Epb4.1l	 overexpressing	 cells	 with	 respect	 to	 control	 cells.	 Both	 pro-
teins	were	 either	 completely	 lost	 in	 some	 junctions	or	 strongly	 repres-
sed,	indicating	a	failure	in	tight	junction	formation	(Fig.	7	C-H).	On	the	
contrary,	 β-catenin	expression	was	not	strongly	altered	indicating	rather	
normal	 adherens	 junction	 structures	 (data	not	 shown).	Thus,	Epb4.1l	


















Fig. 7 Overexpression of Epb4.1lL5 affects tight junction formation in 
calcium-switch dependent MDCK cell re-polarization.	(A).	Western-blot	
with	an	anti-myc	antibody	showing	stable	MDCK	cell	 lines	expressing	 low	
(clone	1)	and	high	(clone	2)	levels	of	the	myc-Epb4.1l	transgene.	(B).	Analysis	


















with	 defects	 in	mesoderm,	 endoderm	 and	 neural	 plate	morphogenesis	
40,41.	
	 Epb4.1l	localizes	to	the	basolateral	side	of	epithelial	cells	in	se-
veral	embryonic	mouse	 tissues	at	E1..	 In	adult	 tissues,	Epb4.1l	was	







90% of pupal development and in adult flies, Yurt was detected at the 
stalk	membrane,	the	apical	side	of	photoreceptors	2.
	 In	 the	mammalian	 retina,	Epb4.1l	 is	present	 at	 the	OLM	and	























FERM protein EPB41L5 is part of  the mammalian CRB-MPP5 complex
complex	is	observed	between	species	19,2,26.	The	Drosophila	FERM	pro-
tein	Yurt	is	able	to	bind	Crumbs	via	the	GTY	motif.	A	Crumbs-MPP-







binding	 to	 the	FERM	protein.	We	did	also	not	observe	 that	Epb4.1l	
promotes	binding	of	Mpp	to	Crumbs	in	the	absence	of	the	ERLI	motif	
of	the	latter.	It	is	possible	that	binding	of	Epb4.1l	to	Mpp	is	too	weak	





the interacting domains bind to each other. Also in zebrafish, the EP-
B41L/YMO1-MPP	interaction	is	conserved,	since	the	FERM	domain	
of	YMO1	pulls	down	Nok	from	retinal	 lysates	 26.	 It	might	be	 that	 the	
interaction	between	Epb4.1l	and	Mpp	 is	 regulated	by	other	proteins	






















the presently identified Epb4.1l5 protein in addition to Mpp5 2.	Several	
additional	proteins	that	are	present	in	the	macromolecular	Crumbs	pro-
tein	complex	have	been	implicated	in	the	formation	of	TJs	in	mammalian	







Epb4.1l5 might influence TJ formation by regulating MPP5’s availabi-
lity	for	other	interaction	partners	through	its	direct	interaction	with	the	
HOOK	domain	of	MPP.	With	less	MPP	present	to	perform	a	central	
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S1. Characterization of the EPB41L5 antibody.	 (A).	 Pre-immune	 serum	
(Pre)	of	the	immunized	guinea	pig	does	not	give	any	signal	in	immunohisto-
chemistry	on	rat	retinal	slices.	In	the	second	panel,	the	signal	of	Epb4.1l	in	rat	
retina could be completely blocked by incubating the affinity purified EPB41L5 
antibody	with	00	µg	of	GST-fusion	protein	prior	to	 incubation	with	retinal	
tissue. (B). The affinity purified EPB41L5 antibody recognizes recombinant 
MBP-tagged	as	well	as	two	different	forms	of	endogenous	EPB41L	in	bovine	
retina	of	100	kD	and	72	kD	on	immunoblot	(IB).	In	addition,	a	smaller	band	
of	 4	 kD	was	detected.	 (C).	The	obtained	 signals	 in	 bovine	 retina	with	 the	
EPB41L	antibody	could	be	completely	blocked	with	00	µg	GST-EPB41L	
fusion protein. (D). The affinity purified EPB41L5 antibody recognizes recom-







FERM protein EPB41L5 is part of  the mammalian CRB-MPP5 complex
S2. GST-pull down assays.	 (A).	 When	 the	 truncated	 FERM	 domain	 of	
EPB41L	 (EPB41LFERM_BC)	was	 used	 in	 a	GST	 pull	 down	 assay,	 the	 inter-
action	 with	 CRB1INTRA	 was	 lost.	 (B).	 Radioactive-labeled	 Epb4.1l	 binds	 to	
the	intracellular	domain	of	Crb1	with	or	without	the	C-terminal	ERLI-motif.	
When	the	FERM	domain	binding	site	is	deleted	(∆GTY),	the	interaction	with	
Epb4.1l	 is	 lost.	 (C).	MDCK	 cells	 stably	 expressing	 p7-CRB3INTRA	 or	 p7-













Supplementary table 2. Summary	 of	 mRNA	 expression	 of	 Crb-complex	
members	in	mouse	embryonic	tissues
Neural tube retina kidney skin lung testis muscle 
Crb1 + + - - - - - 
Crb2 + - - - - - - 
Crb3 - - + - + - - 
Epb4.1l5 + + + + + + + 
Mpp5 + + + - + - - 
PCR products were cloned into pDONR vectors by homologues recombination and 
Table  
5’-TTACATTGCAGGGGGTGGCATC-3’
hMPP5SH3+HOOK (337-458) 5’-ATAATCATCATTTTTATTGG-3’5’-ACAGTAATCCATGTAAAAGCTC-3’  
5’-ATGACAACATCCCATATGAAT-3’ 5’-TCACCTCAGCCAAGTGGATGG-3’hMPP5FL (1-675)
hEPB41L5FERM_ABC (29-353)
hEPB41L5FERM_BC (120-353)  
hMPP5HOOK (408-466)
Sense Antisense
hEPB41L5FL (1-733) 5’-ATGCTGAGTTTCTTCCG-3’  5’-TCAGAGCTCAGTGGTCAG-3’ 
5’-GCGCCGCCACACATATTCCT-3’ 
Construct (a.a. position) 















5’-ACATCCCAAGCACTGAATG -3’ 5’-TCAGAGCTCAGTGGTCAG-3’hEPB41L5c-ter (476-733) 
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to unstable protein 4.1-deficient eryth-
rocyte	membranes	by	incorporation	of	





















































































































































1Department of Human Genetics, Nijmegen Centre for Molecular Life Sciences, Radboud 
University Nijmegen Medical Centre, Geert Grooteplein Zuid 10, P.O. Box 9101, 6500 





Composition and function of  the Crumbs protein complex
ABSTRACT






have been identified, including members of the membrane palmitoylated 
protein	family	(MPP).	MPP	proteins	consist	of	several	protein-protein	in-
teraction	domains	that	are	used	to	assemble	macromolecular	complexes,	

















The	Crumbs gene was initially identified in Drosophila	and	encodes	a	large	
transmembrane protein that defines the apical membrane of embryonic 
epithelial	 cells	 1.	Besides	 a	 function	 in	maintenance	of	 apico-basal	 cell	
polarity	 and	 adherens	 junctions	 in	 embryonic	 epithelia,	Crumbs	has	 a	
similar function in adult fly retina 2.	For	epithelial	cells	and	neurons	like	
photoreceptors,	 separation	 of	 their	 apical	 and	 basal	 compartments	 is	
critical	for	correct	functioning	in	cell-to-cell	adhesion,	intercellular	sig-
naling,	 directional	 transport	 of	 (secreted)	molecules	 and	 correct	 tissue	
formation.	Crumbs	molecules	are	found	in	many	species,	ranging	from	
invertebrates	to	mammals	3.	The	intracellular	domain	is	highly	conserved	
and	 is	 involved	 in	organizing	a	macromolecular	protein	scaffold	at	 the	
interior	of	the	different	cell	types	to	exert	its	function.	In	this	review	we	
describe	 the	 components	 of	 the	 intracellular	Crumbs	protein	 complex	
and	we	focuss	on	their	(putative)	links	to	different	cellular	processes	in	
the	mammalian	retina.
1.1 Crumbs and retinal degeneration
Abnormal	Crumbs	function	has	been	associated	with	different	types	of	
retinal	degeneration	in	humans	4.	Mutations	in	Crumbs homologue 1	(CRB1)	
cause	 autosomal	 recessive	 Leber	 congenital	 amaurosis	 (LCA),	 several	
subtypes	of	autosomal	recessive	retinitis	pigmentosa	(RP)	and	autosomal	




mutations, since nonsense mutations on both alleles have been identified 










In RP, rod photoreceptors are first affected leading to night blind-
ness,	 followed	by	progressive	death	of	cone	photoreceptors,	 restricting	
143
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the visual field initially in the periphery and in later stages can lead to 
complete	 loss	of	 vision.	Progressive	photoreceptor	 cell	 death	 could	be	
due	to	loss	of	adhesion	between	Müller	glia	cells	and	photoreceptors	22.	










moderate	 exposure	 to	 light,	 the	number	of	 severe	 focal	 retinal	 lesions	
significantly increases in the Crb1-/-	retina.	A	 targeted	 knock-in	mouse	










tinuous	and	 fragmented,	as	well	 as	 shortened	photoreceptor	 inner	and	
outer	 segments	 as	 early	 as	 2	weeks	 after	 birth.	 This	 suggests	 a	 devel-
opmental	defect	 in	 these	 structures	 rather	 than	a	degenerative	process	




backgrounds, confirming that other genes/factors can influence the phe-
notype.	
1.2 Conservation of Crumbs







In zebrafish, there are five Crumbs isoforms due to whole genome du-
















the sequence CLPI (CRB3-CLPI, fig. 1) 31.	This	splice	form	is	found	in	
human,	cow,	mouse,	rat	and	dog,	but	not	in	Drosophila and zebrafish.







ing disulfide bridges 9.	Laminin	AG-like	or	ALPS	(agrin,	laminin,	per-
lecan and slit) domains have been identified in several proteins and could 
be	involved	in	protein-protein	interactions	32,	as	could	EGF-like	domains	
33.	Some	of	the	EGF-like	domains	in	CRB1	are	predicted	to	bind	calcium.	
In fibrillin-1, a protein that contains calcium binding EGF-like domains, 
calcium	is	predicted	to	stiffen	the	protein	into	a	rod-like	structure	and	
thereby	promoting	protein-protein	interaction	or	protecting	against	pro-










Fig. 1	Crumbs orthologues and paralogues in several species. 
Drosophila	(D.m.)	Crumbs	contains	a	signal	peptide,	30	EGF-like	domains,	four	
laminin	AG-like	 repeats,	 a	 transmembrane	 (TM)	domain,	 and	an	 intracellu-
lar	part	that	contains	the	conserved	FERM	binding	and	PDZ	binding	motif	
















than predicted due to post-translational modifications. The extracellular 
domain	 contains	 conserved	N-linked	glycosylation	motifs,	 likely	 to	be	




ing proteins such as lectins have affinity for Crumbs is not known, since 
no binding partners for the extracellular domain have been identified so 
far.	










Drosophila (Stardust) and zebrafish (nok) are able to interact with the PBM 
of	Crumbs	in	the	same	manner	21,38,39.	
Recently,	an	interacting	protein	for	the	second	conserved	motif,	
the FERM binding motif (GTY sequence), was identified in several spe-
cies.	 In	Drosophila,	 FERM	domain	 protein	Yurt	was	 found	 to	 bind	 to	
Crumbs, and zebrafish homologue YMO1 interacts directly with Crumbs 
and	Nok	 21,40.	 Binding	 of	 the	mammalian	 homologue	EPB41L	 to	 all	
CRBs	in	the	mammalian	retina	involves	the	intracellular	GTY	motif,	as	
removal	of	this	motif	leads	to	loss	of	interaction	(Fig.	2).	Parallel	to	the	in-
teractions identified in zebrafish, EPB41L5 is able to bind to the HOOK 
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Removal	of	 the	ERLI	binding	motif	 in	CRB1	disrupted	 these	 interac-
tions,	whereas	removal	of	the	FERM	motif	did	not	(Fig.	2).





























MUPP1	 and	PATJ	 are	 detected	 at	 the	 SAR,	 together	with	MPP	 and	









that	 consists	 of	 seven	members.	The	MPP	 family	of	proteins	 is	wide-
ly	 represented	 in	 the	Crumbs	 complex.	MPP	binds	directly	 to	 family	
members	MPP1,	MPP3	and	MPP4	in	the	retina	4	(and	chapter	2	and	3),	
and	recently	MPP	was	found	together	with	MPP7	in	a	tight	junctional	
complex	 in	epithelial	 cells	 .	MPP	proteins	are	members	of	 the	 larger	
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tegrate	cell	signals	is	feasible,	as	has	been	described	for	other	MAGUKs	





Fig. 3	Schematic illustration of the composition of the Crumbs protein 
complex. 
Proteins	 that	 are	 present	 in	 retinal	 complexes	 are	 indicated	 by	 gray	 ellipses.	
White	squares	represent	proteins	that	bind	to	Crumbs	protein	complex	mem-










Fig. 4	Schematic domain composition of MPP proteins. 





more	 complex	 protein	 scaffold.	 The	C-terminal	 L27	 domain	 binds	 to	
LIN-7	9,	promoting	protein	stability	in	polarized	epithelial	cells	60.	The	





ily, binds to an unidentified domain in the C-terminal part of MPP5 in 
gastric	parietal	cells	63,	while	the	PDZ	domain	of	MPP	binds	to	GABA	






3. The function of the Crumbs complex at the SAR in the retina
The	core	of	 the	Crumbs	protein	complex,	consisting	of	CRB1,	CRB2,	
CRB3	and	 its	direct	 interactors	EPB41L	and	MPP,	as	well	as	 its	as-
sociated	MPP	protein	scaffold	are	found	at	the	subapical	region	(SAR),	
11




filaments. They are found in photoreceptors and Müller cells, as well as in 
epithelial	cells,	where	they	separate	the	apical	and	basolateral	membrane.	






thelial	 cells	 (Fig.	).	 In	addition,	Drosophila epithelial	 cells	have	 septate	
junctions	(SJ)	that	are	located	basal	to	the	ZA	and	form	a	region	of	close	
membrane	 contacts	 that	 extends	over	 large	parts	of	 the	 lateral	 plasma	
membrane	domain	22,6,66.








Conflicting findings were reported for the subcellular localiza-


















Fig. 5 Comparison of junctional organization in the Drosophila epithe-
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Besides	a	role	of	Crumbs	in	maintenance	of	cell-cell	adhesion	in	the	dif-
ferentiated adult retina, studies using zebrafish as a model have revealed 
retinal	patterning	defects	during	development	associated	with	mutations	
in Crumbs complex members. Zebrafish nok	11,	ome	12,13,	has	12,	glo 12,14	and	
moe 15 mutants	indicate	that	the	associated	proteins,	MPP	11,16,	Crb2a	17,	
aPKC	18,	N-cadherin	73	and	EPB41L/YMO1	respectively	20,40,	are	crucial	
for	 correct	 retinal	 integrity.	Remarkably,	 in	 these	mutants	 all	 neuronal	
cell	 types	have	developed	 from	 the	neuroepithelium.	During	develop-
ment,	retinal	cell	types	migrate	away	from	the	apical	surface	of	the	neu-
roepithelium to form layers of specific cell classes. The apical junctions 
of	the	neuroepithelium	continue	to	exist	in	the	adult	retina	as	the	OLM,	














In zebrafish, localization of Crumbs apical to the OLM is linked 
with	 the	formation	of	photoreceptor	apical	membrane.	Knockdown	of	





















place	CRB2	and/or	CRB3	at	 this	 location	 (Fig.	6).	 In	addition,	MPP1,	














overlapping	 content	 of	 Crumbs	 complex	 molecules.	 Although	 in	 the	



















3.2 The Crumbs protein complex in cilia and basal bodies
Besides	 displacement	 of	 cell	 junctions	 in	 the	 neuroepithelium,	 Crb2b,	
aPKC, N-cadherin and MPP5 zebrafish mutants display mislocalized 
centrosomes	11,13,14,18.	The	centrosome	has	classically	been	 implicated	as	
microtubule	organization	centre	(MTOC)	that	regulates	cell	division	in	
meiotic	 and	mitotic	 cells.	During	mitosis,	 organization	 of	 the	 spindle	
pole	orientation	determines	the	outcome	of	cell	division.	If	the	mitotic	
spindle	pole	is	aligned	parallel	to	the	apical	surface,	both	cells	inherit	a	
portion	 of	 the	 apical	membrane	 (planar	 cell	 division),	 while	 a	mitotic	
spindle	pole	axis	perpendicular	to	the	surface	of	the	retinal	neuroepithe-
lium,	results	in	the	inheritance	of	functional	components	in	one	daughter	






assembly	 (reviewed	 in	 reference	94).	The	neuroepithelium	has	 a	 single	
cilium,	with	Crb	staining	at	the	base	where	basal	bodies	are	located.	In	





the	 inner	 and	outer	 segments	 and	 functions	 in	 exchange	of	molecules	
Chapter 6
16








glia	cells	67, and above presented findings, mammalian CRB2 and CRB3 




bodies	 in	 the	retina,	where	 it	co-localizes	with	PDZ	scaffold	molecule	
whirlin (Chapter 3). The involvement of whirlin in actin filament polym-
erization	 97,98,	 and	binding	of	MPP1	to	FERM	domain	protein	EPB41	
involved	in	anchoring	molecules	to	the	actin	cytoskeleton	96,99,	elicit	a	role	
for both proteins in actin organization and dynamics. Actin filaments 
are	required	for	proper	positioning	of	ciliary	basal	bodies	100,101	and	both	





and	 the	 localization	of	 the	MTOC	during	 asymmetric	 cell	 division	or	




interestingly, DPATJ binds to Frizzled 1, recruits aPKC and influences 
planar	cell	polarity	in	the	Drosophila	eye	104.
During	development,	CRBs,	MPP	and	EPB41L	are	expressed	
in	 the	 ventricular	 layer	 of	 the	mouse	 neural	 tube	 in	 proliferative	 cells	
and	not	in	postmitotic	neural	compartments	suggesting	a	putative	role	in	


















3.3 The Crumbs complex and vesicular transport
The	Crumbs	protein	complex	has	been	described	to	play	a	role	 in	reg-
ulation	 of	 cell	 polarity	 in	 the	 retina,	 controlling	 aspects	 ranging	 from	
maintenance	of	cell-cell	adhesion	to	apical	membrane	size	determination.	
These	functions	are	exerted	apically	to	the	OLM,	but	depending	on	the	



































































On the other hand, environmental factors or genetic modifiers could 
influence the differential outcome of a disease. In rd8	mice,	the	severity	
of	the	phenotype	depends	on	the	genetic	background	24.	
Organism Model ref Mutation/ defect Phenotype 
Fruitfly - Crb11A22 2, 25
- Std (MPP5) 113
- DPATJ 51, 52
- Yurt (EPB41L5) 40, 114
- Null, eye clones 
- Null, eye clones 
- Null, eye clones 
- Null 
- Fragmented ZA, reduced 
rhabdomere length, reduced stalk 
membrane length. 
- Defects in epithelial morphogenesis, 
expansion of photoreceptor apical 
domain 
Zebrafish - Crb2b morphant 17
- Crb3a morphant 17
- Ome (Crb2a) 13, 17
- Nok (MPP5) 11, 16
- Moe (EPB41L5) 15, 20, 21
- Morpholino 
- Morpholino 
- Loss of function 
- Loss of function 
- Loss of function 
- Reduced inner segments/ cilia length 
- Reduced kinocilium length 
- Retinal lamination defects 
- Retinal lamination defects 
- Retinal lamination defects 
Mouse - Crb1-/- 22
- CrbC249W 23
- Rd8 24
- Limulus (EPB41L5) 115, 
116
- MPP4 -/-68, 71
- Knock-out, no 
functional Crb1 




TM and intra 
- Knock-out, null 
- Knock-out 
- Lesions with fragmented ZA, (half)-
rosettes, neuronal cell death in INL 
and ONL after 3-9 months. 
- Late onset loss of photoreceptors. 
- Fragmented ZA, shortened inner and 
outer segments, retinal folds and 
pseudorosettes 2 weeks after birth. 
- Morphogenetic defects of the 
mesoderm, endoderm and neural 
plate. 
-Destabilization presynaptic protein 
complex, disturbed calcium 
homeostasis and synaptic 















domains by defining the apical compartment. The presence of MPP pro-
teins	in	the	Crumbs	complex	suggests	the	build-up	of	a	macromolecular	
complex	that	could	couple	 this	 transmembrane	protein	 to	downstream	






too early to say that mammalian Crumbs proteins influence asymmetric 
cell	 division	 and/or	migration,	 associations	with	 these	 important	 pro-
cesses	have	been	described.	Finally,	 involvement	of	components	of	the	
Crumbs	complex	in	vesicular	transport	and	regulation	of	cell	polarity	by	
influencing endocytosis is a recent finding and will evidently lead to more 
research	in	this	direction.
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20. Jensen, A. M. & Westerfield, M. 























































































Composition and function of  the Crumbs protein complex
36.	Reinhardt,	D.	P.,	Ono,	R.	N.,	&	































































































































































































































































































































































































1. Crumbs recruits a subcortical protein scaffold
This thesis describes the identification of novel members of the Crumbs 
protein	complex	in	the	mammalian	retina.	The	search	for	binding	part-
ners	 that	 directly	 bind	 to	 Crumbs	 revealed	 membrane	 palmitoylated	
protein		(MPP)	as	an	interacting	protein	for	the	PDZ	binding	motif.	




protein	complex	(Chapter 2 and 3).	MPP	proteins	can	potentially	form	








in	hair	cells	 in	 the	 inner	ear,	where	whirlin	 is	known	to	mediate	actin	
polymerization	and	stereocilia	growth	1. Actin-filled stereocilia develop 
from	microvilli	on	 the	 surface	of	hair	 cells	 in	organized	 rows	 that	 in-















MPP1,	MPP	and	whirlin	might	exert	a	 function	at	 the	outer	 limiting	






of whirlin in actin filament polymerization ,6,	 and	 the	 interaction	 of	
MPP1	with	FERM	domain	protein	EPB41	involved	in	anchoring	mem-
brane	proteins	to	the	actin	cytoskeleton	1,7,	suggest	a	role	for	both	pro-




Screening	of	 retinal	 cDNA	 libraries	 using	 the	 yeast	 two-hybrid	
method	 did	 not	 result	 in	 interactors	 for	 the	 FERM	 binding	motif	 of	
CRB1.	However,	by	testing	several	candidate	FERM	proteins	for	inter-
action	with	 the	 intracellular	domain	of	CRB1	 in	yeast,	FERM	protein	
EPB41L	was	 found	 to	 interact	with	 all	 three	human	Crumbs	homo-
logues	 (Chapter 5).	 Interestingly,	 EPB41L	 also	 directly	 binds	 to	 the	
HOOK	domain	 of	MPP,	 forming	 a	 CRB-MPP-EPB41L	 complex.	
Others	have	demonstrated	the	presence	of	a	similar	protein	complex	in	
Drosophila and zebrafish, and reported a negative regulation of EPB41L5 
on	apical	membrane	formation	10,11.	We	did	not	observe	an	effect	on	api-






As	 described	 in	Chapter 6,	 some	 protein	 binding	 domains	 of	





















photoreceptor	 synapses	and/or	at	 the	 region	of	 the	connecting	cilium,	
besides	localization	apical	to	the	OLM.	Moreover,	studies	using	polarized	
cell	cultures	or	model	organisms,	 like	Drosophila and zebrafish, reveal a 
putative	function	of	Crumbs	 in	retinal	patterning,	ciliogenesis	and	ve-
sicular	transport.






Although	 varying	 in	 size,	 the	 extracellular	 domains	 of	 CRB1,	





aforementioned	cells	 and	 ensures	 the	 integrity	 and	 function	of	photo-
receptor	 cells	 16.	 The	 interphotoreceptor	 space	 is	 a	 barrier,	 interposed	





























3. Differential localization of Crumbs proteins in the retina
Contradictory findings have been reported regarding the localization of 
the	Crb1	protein	in	the	retina.	Using	a	peptide	antibody	against	the	intra-
cellular domain, CRB1 was first detected at the region of the OLM, the 
Müller	glia	and	in	the	inner	(IS)	and	outer	segments	(OS)	of	cone	pho-
toreceptors	19.	Staining	of	the	IS	and	OS	of	cones	has	not	been	observed	
by others and could be the result of a fixation artifact in the staining pro-
cedure.	Furthermore,	eight	out	of	fourteen	peptide	residues	used	to	raise	
the	polyclonal	 antibody	 are	 identical	 to	 the	Crb2	 sequence,	 suggesting	
potential	cross-reactivity,	which	makes	the	interpretation	of	this	staining	
pattern	even	more	complex.	







the	 intracellular	domain	 is	 important	 for	 localization	of	Crb1	 in	Mül-
ler	glia.	Human	and	mouse	CRB1/Crb1	were	detected	apical	to	the	re-
gion	 of	 the	OLM	by	 immunohistochemistry	 using	 antibodies	 against	
17
General discussion


















raised specifically against the latter variant that has a unique carboxy 
terminus	of	 40	 amino	 acids	without	 a	 transmembrane	or	 intracellular	
domain.





















with	 retinitis	pigmentosa	 2	 revealed	no	pathologic	mutations.	 In	addi-
tion,	we	did	not	identify	any	MPP4	mutations	in	a	panel	of	8	patients	
with	LCA.	Four	LCA	patients	showed	homozygosity	for	a	chromosomal	

























receptor	 synapse	 and	was	 recently	 implicated	 in	 destabilization	 of	 the	
presynaptic	protein	complex.	Furthermore,	in	MPP4-/-	mice,	a	disturbed	
calcium	homeostasis	 and	 synaptic	 transmission	were	 observed,	 but	 no	
retinal	degeneration	27,28.	
Studies from zebrafish show that multiple components are in-





has been found in zebrafish is difficult to assess, since no histological 
studies have been performed on human tissue. In addition, in zebrafish 
additional	Crumbs	 variants	 are	 present	 due	 to	whole	 genome	duplica-
tion. Zebrafish Crb1 is the homologue of mammalian CRB1 based on the 
amino acid sequence, while zebrafish Crb2b is probably the functional 























5. Crumbs complex components as modifier genes
The presence of modifier genes, besides environmental factors, have been 
proposed to influence the phenotypic outcome of the rd8	mouse,	which	









leaves an important possibility for influence by modifier genes 31.	It	could	
be	hypothesized	that	some	changes	in	members	of	the	Crumbs	complex	





To	gain	more	 insight	 into	 the	 function	of	Crumbs	and	 the	 interacting	
proteins, more efforts could be undertaken to define the complex more 
specifically. For example, determining the composition of the protein 
complex at specific developmental stages, while specifying its function in 
different	cell	types	will	give	important	answers	to	questions	on	how	the	
Crumbs complex is spatially and temporally regulated. By using specific 
antibodies	for	retinal	stainings	at	different	developmental	stages,	this	in-
formation	could	be	obtained.	Furthermore,	proteomic	approaches	such	
as GST pull down assays, immunoprecipitations or tandem-affinity puri-
fication (TAP) techniques followed by mass-spectrometry detection, may 















it	will	be	essential	 to	determine	 the	retinal	cell	 type	 in	which	Crumbs	
exerts	its	function.	The	nature	of	the	complex	in	Müller	glial	cells	versus	
photoreceptor	could	be	established	by	aforementioned	techniques,	mak-




contains	 the	 intracellular	 domain	 and	 transmembrane	 region	 could	be	
the	main	isoform	in	Müller	glia,	while	the	isoform	without	the	intracel-
lular	 domain	might	 be	 present	 only	 in	 photoreceptors	 or	 both.	CRB2	
and	CRB3	were	found	both	in	photoreceptors	and	Müller	glial	cells.	The	
presence	of	different	CRB1	isoforms,	as	well	as	the	complementary	na-
ture	 of	 the	 intracellular	 domains	 of	CRB1,	CRB2	 and	CRB3	proteins	
in	providing	a	scaffold	that	allows	the	build-up	of	an	intracellular	pro-




tracellular	 domains	of	CRB1,	CRB2	 and	maybe	 even	CRB3,	 could	be	
examined.	It	is	not	known	if	CRB1	molecules	can	bind	to	each	other	to	
form	 a	 functional	 unit,	 either	 indirectly	 via	 their	 intracellular	 compo-
nents	or	maybe	even	via	their	extracellular	domains,	and	how	this	might	
lead	to	the	build-up	of	a	macromolecular	complex.	In	this	respect,	de-



























































































































































































ceptors are first affected, leading to night blindness, followed by progres-
sive	death	of	cone	photoreceptors	in	the	central	macula	affecting	daytime	
vision. This restricts the visual field initially in the midperiphery and at 
later	stages	can	lead	to	complete	loss	of	vision.	
The	CRB1	gene	encodes	a	transmembrane	protein	that	is	impli-
cated	 in	mechanisms	 that	 control	 cell	 polarity.	The	 shape	of	 cells,	 the	
oriented	 alignment	of	 the	 cytoskeleton	 and	 the	uneven	distribution	of	
organelles	and	molecules	all	contribute	to	cell	polarity.	A	polarized	phe-
notype of a cell reflects its ability to establish functional and separate 
membrane	domains	 that	 allow	 for	both	 structural	 and	 signaling	 func-
tions.	Crumbs	is	involved	in	maintaining	cell	polarity	and	tissue	integrity	
by defining the apical membrane domain in epithelial cells as well as in 
photoreceptors	in	different	organisms.	In	the	mammalian	retina	the	core	
Crumbs	complex	localizes	apical	to	the	outer	limiting	membrane	of	the	




that	 is	essential	 for	cell	polarity.	 In	 this	 thesis,	 the	composition	of	 the	
Crumbs	protein	network	that	is	associated	with	the	intracellular	domain	
is studied. Identification of novel components of the intracellular Crumbs 
complex	will	 lead	to	a	more	profound	understanding	of	its	function	in	
different	cellular	processes	in	health	and	disease.	In	addition,	defects	in	










by yeast two-hybrid screening led to the identification of MPP family 







protein	 network	 that	 is	 implicated	 in	 actin	 polymerization.	Mutations	
in	DFNB31	encoding	the	whirlin	protein	are	found	in	cases	of	isolated	
deafness	 and	 in	 patients	with	Usher	 syndrome	 (sensorineural	 deafness	
and	retinitis	pigmentosa).	MPP1	provides	a	link	between	the	Usher	pro-
tein	network	via	whirlin	and	the	Crumbs	protein	complex	via	MPP	in	













Three	 Crumbs	 homologues,	 CRB1,	 CRB2	 and	 CRB3,	 exist	 in	
mammals.	All	 are	 able	 to	bind	 to	MPP	and	EPB41L,	 through	 their	
conserved	PDZ	and	FERM	binding	motif,	respectively.	Conservation	of	
the Crumbs-EPB41L5-MPP5 complex in zebrafish and Drosophila	dem-
onstrates	an	evolutionary	importance,	although	its	function	may	vary	be-
tween	species.	In	contrast	to	a	negative	effect	on	apical	membrane	expan-
sion as identified in Drosophila and zebrafish, overexpression of EPB41L5 
in	 polarized	MDCK	 cells	 leads	 to	 a	 delay	 in	 tight	 junction	 formation	
(Chapter 5).	
 Some components of the Crumbs complex that were identified 
were	subjected	to	mutation	analysis,	but	no	causative	mutations	for	a	reti-
nal	disease	were	found.	This	could	implicate	that	the	number	of	patients	
per (sub)clinical group that was analyzed was statistically not sufficient. 
Alternatively,	mutations	 in	 Crumbs	 complex	members	may	 also	 cause	
(sub)clinical	phenotypes	different	from	a	progressive	photoreceptor	cell	





The	 intracellular	Crumbs	 protein	 complex	 has	 been	 largely	 ex-
panded by this work. The identified components point towards func-
tions	of	the	Crumbs	protein	complex	in	several	cellular	processes,	rang-
ing	from	cell	adhesion	to	retinal	patterning.	Some	Crumbs	orthologues	
as	 well	 as	 interactors	 of	 Crumbs	 have	 been	 implicated	 in	 basal	 body	
and	cilia	related	processes.	It	 is	tempting	to	speculate	that	mammalian	

























elkaar	 te	 onderscheiden	 en	 als	 het	ware	 een	 “bovenkant”	 en	 een	 “on-
derkant”	te	hebben.	Hierdoor	treedt	er	een	ordening	op	van	celorganel-
len,	het	cytoskelet	en	andere	moleculen	binnen	de	cel	die	belangrijk	zijn	











cellulair	 eiwit	 complex	dat	 essentieel	 is	 voor	 celpolariteit.	 In	dit	 proef-
schrift	wordt	de	compositie	van	het	 intracellulaire	eiwit	complex	nader	











gepalmitoyleerd	 eiwit	 )	bleek	 te	binden	 aan	PDZ	bindingsmotief 	 van	




































Sommige	 componenten	 van	 het	 Crumbs	 complex	 die	 hier	 ge-














menteel	 bekend	 is	 over	 het	 Crumbs	 eiwitcomplex.	 Het	 intracellulaire	
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CRB1	complex	in	photoreceptors.	
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minimal	 region	 of	MPP4	 needed	 for	 interaction	 contains	 the	E-GuK-F	 re-
gion.	To	determine	the	intramolecular	 interaction	of	MPP	as	well	as	MPP4	
(below	 dotted	 line),	 yeast	 cells	 were	 co-transformed	with	 two	 constructs	 of	
MPP	(pBD-GAL4	domain	fused	to	the	SH3-HOOK	region	and	the	pAD-
GAL4	domain	fused	to	the	HOOK-GuK	domain),	as	well	as	two	constructs	
of	MPP4	 (pBD-GAL4	domain	 fused	 to	 the	GuK	domain	 and	pAD-GAL4	
domain	fused	to	the	SH3 domain). Interactions were quantified by determin-
ing	the	activation	of	the	LacZ	reporter	gene	in	a	liquid	ONPG	assay	(β-galac-
tosidase	 activity,	black	bars).	As	 a	negative	 control,	 the	pBD-GAL4	domain	











Chapter 2, Fig. 5 Distribu-
tion of MPP4, MPP5, CRB1, 
and ß-catenin in adult hu-
man retina.
(A-Q).	 Confocal	 images	 of	












stained	 the	 SAR	 in	 the	 outer	
limiting	 membrane	 (OLM).	
MPP	 and	 CRB1	 colocalize	
at	 the	 SAR	 (L).	 AK4	 stained	
the	OPL	(N,O)	and	the	OLM	
(O,Q),	whereas	 secondary	an-
tibodies	 (P)	 produced	 some	
background	 staining	 in	 the	
photoreceptor	inner	and	outer	
segments.	 IS,	 inner	 segments;	
ONL,	 outer	 nuclear	 layer;	
OPL,	 outer	 plexiform	 layer;	
OS,	outer	 segments;	 INL,	 in-
ner	 nuclear	 layer.	 Scale	 bars:	
(A-C, H, L, P, Q) 10 μm; (D, 
E-G, I-K, M-O) 20 μm.
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SH3 and GUK domain. Strands A and D flanking the SH3 domain and E 
and F flanking the GUK domain were identified according to homology with 
PSD-9.	MPPSH3+HOOK	was	used	as	bait.	The	MPPHOOK-end	construct	is	used	





lected	 parts	 of	 the	MAGUK	modules	 do.	 (D).	GST-MPP1E-end	 pulled	 down	
MPPSH3+HOOK.	Beads	alone	or	GST	did	not	interact	with	MPP,	while	MPP1	
did	not	bind	the	MBP	tag	in	the	control	experiment,	showing	that	this	interac-





Chapter 3, Fig. 2 MPP1 expression analysis by RNA in situ hybridisation 
on embryonic and adult mouse tissues. 















Chapter 3, Fig. 3 MPP1 and MPP5 interact at the outer limiting mem-



















peptide plane is flipped and a C=O faces the carboxyl group. Therefore, it is 
predicted	that	Gly	87	in	whirlin	must	undergo	a	conformational	change	to	al-
low binding, which is represented in the figure.
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Chapter 4, Fig. 3 Localization of syntenin-1 in rat retina.	
(A).	Syntenin-1	(green)	staining	using	the	C96	antibody	was	found	in	the	
retinal	pigment	epithelium	(RPE),	inner	segments	(IS),	outer	plexiform	
layer	 (OPL),	 outer	 nuclear	 layer	 (ONL),	 inner	 nuclear	 layer	 (INL)	 and	
ganglion	cell	layer	(GCL)	and	outer	limiting	membrane	(OLM).	(B	and	
C).	Co-localization	with	β-catenin	(red),	a	marker	for	adherens	junctions	
















expressed.	 (E-H).	Expression	 in	 the	 developing	 eye	 of	Epb4.1l5	 (E-F),	Crb1	
(G),	Mpp5	(H)	is	co-localizing	in	the	retina.	Epb4.1l5	transcripts	are	not	detec-











































Chapter 5, Fig. 7 Overexpression of Epb4.1lL5 affects tight junction for-

















Chapter 6, Fig. 6	Immunohistochemistry of CRB proteins in the retina. 
A:	CRB1	localizes	to	the	OLM	and	is	not	found	in	the	synapses.	B:	An	antibody	
that	recognizes	all	three	CRB	orthologues	(pan-CRB)	stains	the	OLM	and	the	
OPL.	Immunohistochemistry	was	performed	as	described	in	addendum	2	.

